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Staphylococcus aureus is a human pathogen capable of producing enterotoxins 

causing staphylococcal food poisoning, one of the most economically important 

foodborne diseases in the U.S. This pathogen may be introduced to pre-cooked tuna meat 

used for the production of canned tuna because significant manual handling occurs after 

cooking of the raw fish to separate the meat from the skin and bones.  

This study was conducted to investigate the growth and enterotoxin production of five 

enterotoxigenic S. aureus strains in pre-cooked albacore and skipjack tuna meat held at 

37 and 27°C, the survival of S. aureus in pre-cooked tuna meat stored at -20±2°C for 4 

weeks and its ability to grow and produce enterotoxins in the pre-cooked tuna meat at 

37˚C after frozen storage, and thermal inactivation of enterotoxins in pre-cooked tuna 
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meat at 111 and 121°C. Frozen pre-cooked albacore tuna (loin, chunk and flake) and 

skipjack tuna (chunk and flake) obtained from a canned tuna producer were inoculated 

with five S. aureus strains or highly purified enterotoxins A (SEA), B (SEB), and D 

(SED) for this study. 

With an initial inoculation levels of 102-4 CFU/g, populations of S. aureus in 

inoculated albacore and skipjack tuna meat increased by >3 log CFU/g after 6 and 8 h of 

incubation at 37°C, respectively. On the other hand, more than 8 and 10 h of incubation 

at 27°C were needed to yield the same increase of S. aureus counts (>3 log CFU/g) in 

albacore and skipjack samples, respectively. However no enterotoxin was produced in 

any inoculated albacore or skipjack tuna samples exposed to 37°C for 12 h or 27°C for 

16 h. 

S. aureus survived in pre-cooked tuna during frozen storage. With an initial 

inoculation level of 103-4 CFU/g, populations of S. aureus in all pre-cooked tuna samples 

decreased slightly (<0.7 log CFU/g) after 4 weeks of storage at -20±2°C. However, the 

populations increased rapidly once the samples were thawed and held at 37°C. Total S. 

aureus counts in albacore and skipjack samples increased by greater than 3 log CFU/g 

after 6 and 8 h of exposure to 37°C, respectively. However, no enterotoxin was detected 

in any samples after 10 h exposure to 37°C. All the samples showed signs of spoilage 

before enterotoxin was detected. 

Studies of heat resistances of SEA, SEB, and SED inoculated to pre-cooked albacore 

and skipjack tuna meat revealed that the heat resistance of SED was stronger than SEA 

and SEB, particularly in albacore loin, flake and skipjack flake samples. When samples 
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were inoculated with SEA, SEB and SED at levels of 500 ng/g, a thermal treatment at 

121°C for 15 min inactivated SEA and SEB in all samples and SED in albacore chunk 

and skipjack chunk but not in albacore loin, flake and skipjack flake samples. However, a 

process at 111°C, for 60 min inactivated all SEA, SEB and SED in all tuna samples at 

levels of 500 ng/g. When the pre-cooked tuna meat samples were inoculated with S. 

aureus at levels of 103-4 CFU/g, SEA, SEB, and SED were detected in all samples after 

36 h of incubation at 37°C. However, a thermal process of 121°C for 15 min or 111°C for 

40 min destroyed all enterotoxins.  



!

!

 
 
 
 
 
 
 
 
 
 

© Copyright by Xulei Wu 

December 5, 2013 

All Rights Reserved 

  



!

!

Growth of Staphylococcus aureus and Enterotoxin Production in Pre-cooked Tuna Meat 

 

 

by 

Xulei Wu 

 

 

 

A THESIS 

submitted to 

Oregon State University 

 

 

 

in partial fulfillment of 

the requirements for the 

degree of 

 
Master of Science 

 

 

 

Presented December 5, 2013 

Commencement June 2014 

  



!

!

Master of Science thesis of Xulei Wu presented on December 5, 2013. 

 

APPROVED: 

 

 

 
Major Professor, representing Food Science and Technology 

 

 

 
Head of the Department of Food Science and Technology 

 

 

 
Dean of the Graduate School 

 

 

I understand that my thesis will become part of the permanent collection of Oregon State 

University libraries. My signature below authorizes release of my thesis to any reader 

upon request 

 

 

 
Xulei Wu, Author  



ACKNOWLEDGEMENTS 

First of all, I want to express my sincere gratitude to Dr. Yi-Cheng Su, my major 

advisor, for providing me the opportunity to pursue a M.S. degree at OSU and guiding 

me tirelessly throughout my study. 

I would also like to thank my committee members, Dr. Lisbeth Goddik, Dr. Joy 

Waite-Cusic, and Dr. Thomas Savage, for their valuable suggestions and kind help to 

complete my M.S. program. 

Many thanks to faculties and staffs at the Astoria Seafood Lab: Dr. Park, Dr. Dewitt, 

Dr. Liu, Sue and Craig, for helping me achieve my goals and providing me a family-like 

environment; and to my friends: Note, Lin, Sand, Zatil and Yishu for sharing happiness 

in and out of the lab. 

Last but not least, I would like to thank my parents and my boyfriend for their 

unconditional supports and encouragements. 

!



!

!

TABLE OF CONTENTS 
!

Page 
Chapter 1 General Introduction .......................................................................................... 1 

1.1 Overview of seafood consumption, benefits and risks .......................................... 2 

1.1.1 Seafood consumption in the U.S. and worldwide ........................................... 2 
1.1.2 Health benefits associated with seafood consumption .................................... 2 
1.1.3 Potential health risks related to seafood consumption .................................... 5 
1.1.4 Seafood sources ............................................................................................... 8 

1.2 Tuna consumption and processing ......................................................................... 8 

1.2.1 Tuna species .................................................................................................... 9 
1.2.2 Preparation procedures for canned tuna products ......................................... 10 
1.2.3 Health benefits from tuna consumption ........................................................ 11 
1.2.4 Risks associated with canned tuna products ................................................. 11 
1.2.5 Foodborne poisoning outbreak associated with tuna .................................... 15 
1.2.6 Risk prevention ............................................................................................. 16 

1.3 Staphylococcal Gastroenteritis ............................................................................ 17 

1.3.1 Staphylococcus aureus .................................................................................. 17 
1.3.2 Staphylococcal enterotoxins .......................................................................... 19 
1.3.3 Staphylococcal food poisoning ..................................................................... 22 

1.4 Objectives ............................................................................................................ 24 

Chapter 2 Growth of Staphylococcus aureus and Enterotoxin Production in Pre-cooked 
Tuna Meat ......................................................................................................................... 27 

2.1 Abstract ................................................................................................................ 28 

2.2 Introduction .......................................................................................................... 29 

2.3 Materials and Methods ........................................................................................ 31 

2.3.1 Bacteria culture preparation .......................................................................... 31 
2.3.2 Tuna samples ................................................................................................. 33 
2.3.3 Temperature profiles of samples during incubation ...................................... 33 
2.3.4 Sample characterization ................................................................................ 33 
2.3.5 Sample inoculation and incubation ............................................................... 34 



!

!

TABLE OF CONTENTS (Continued) 
!

Page!
2.3.6 Microbial analysis and enterotoxin detection ................................................ 35 
2.3.7 Statistical analysis ......................................................................................... 35 

2.4 Results and Discussion ........................................................................................ 36 

2.4.1 Temperature profiles of tuna samples during incubation .............................. 36 
2.4.2 Proximate composition of tuna samples ........................................................ 36 
2.4.3 Change of total bacterial counts in tuna meat incubated at 37 and 27°C ...... 37 
2.4.4 Growth of Staphylococcus aureus and enterotoxin production in tuna 
incubated at 37°C ...................................................................................................... 37 
2.4.5 Growth of Staphylococcus aureus and enterotoxin production in tuna 
incubated at 27°C ...................................................................................................... 39 

2.5 Conclusions .......................................................................................................... 40 

2.6 Acknowledgement ............................................................................................... 40 

Chapter 3 Effects of Frozen Storage on Survival of Staphylococcus aureus and Enterotxin 
Production in Pre-cooked Tuna Meat ............................................................................... 53 

3.1 Abstract ................................................................................................................ 54 

3.2 Introduction .......................................................................................................... 55 

3.3 Materials and Methods ........................................................................................ 57 

3.3.1 Microorganisms ............................................................................................. 57 
3.3.2 Sample preparation ........................................................................................ 57 
3.3.3 Microbial analysis and enterotoxin detection ................................................ 58 
3.3.4 Statistical analysis ......................................................................................... 59 

3.4 Results and Discussion ........................................................................................ 59 

3.4.1 Changes of total bacterial and S. aureus counts in pre-cooked tuna meat 
during frozen storage ................................................................................................ 59 
3.4.2 Growth of S. aureus and enterotoxin production in pre-cooked tuna samples 
at 35-37°C after 4-week frozen storage .................................................................... 61 

3.5 Conclusions .......................................................................................................... 62 



!

!

TABLE OF CONTENTS (Continued) 
!

Page!
3.6 Acknowledgement ............................................................................................... 63 

Chapter 4 Thermal Inactivation of Staphylococcal Enterotoxins in Pre-cooked Tuna Meat
........................................................................................................................................... 69 

4.1 Abstract ................................................................................................................ 70 

4.2 Introduction .......................................................................................................... 71 

4.3 Material and methods .......................................................................................... 73 

4.3.1 Tuna samples preparation .............................................................................. 73 
4.3.2 Enterotoxin inoculation ................................................................................. 73 
4.3.3 Staphylococcus aureus inoculation ............................................................... 74 
4.3.4 Thermal sterilization ..................................................................................... 74 
4.3.5 Enterotoxin detection .................................................................................... 75 

4.4 Results and Discussion ........................................................................................ 75 

4.4.1 Thermal inactivation of enterotoxins inoculated to pre-cooked tuna meat ... 75 
4.4.2 Thermal inactivation of enterotoxins produced by S. aureus in pre-cooked 
tuna meat ................................................................................................................... 76 

4.5 Conclusions .......................................................................................................... 77 

4.6 Acknowledgement ............................................................................................... 78 

Chapter 5 General Conclusions ........................................................................................ 81 

BIBLIOGRAPHY ............................................................................................................. 85 

 

  



!

!

LIST OF FIGURES 
 
 

Figure                                                                                                                             Page 
 
1.1 Flowchart of canned tuna processing line ................................................................... 25 
 
2.1 Temperature profiles of pre-cooked tuna samples incubated at 37°C. ....................... 41 
 
2.2 Temperature profiles of pre-cooked tuna samples incubated at 27°C. ....................... 42 
 
2.3 Total aerobic plate counts in albacore tuna samples incubated at 37°C. Counts with 

the same letter in the same type of column are not significantly different (P>0.05).
................................................................................................................................... 43 

 
2.4 Total aerobic plate counts in skipjack tuna samples incubated at 37°C. Counts with 

the same letter in the same type of column are not significantly different (P>0.05).
................................................................................................................................... 44 

 
2.5 Total aerobic counts of albacore tuna samples stored at 27°C. Counts with the same 

letter in the same type of column are not significantly different (P>0.05). ............. 45 
 
2.6 Total aerobic counts of skipjack tuna samples stored at 27°C. Counts with the same 

letter in the same type of column are not significantly different (P>0.05). ............. 46 
 
 
  



!

!

LIST OF TABLES 
 
 

Table                                                                                                                               Page 
 
1.1 Outbreaks of Staphylococcus aureus associated with consumption of seafood between 

1990 and 2013 (Center for Science in the Public Interest, 2011; 2013). .................. 26 
 
2.1 Characteristics of albacore and skipjack tuna meat. ................................................... 47 
 
2.2 Change of total bacterial counts (log CFU/g)a in uninoculated tuna samples incubated 

at 37 and 27°C. .......................................................................................................... 48 
 
2.3 Growth of Staphylococcus aureus (log CFU/g)a and enterotoxin production in 

albacore tuna incubated at 37°C. .............................................................................. 49 
 
2.4 Growth of Staphylococcus aureus (log CFU/g)a and enterotoxin production in 

skipjack tuna incubated at 37°C. ............................................................................... 50 
 
2.5 Growth of Staphylococcus aureus (log CFU/g)a and enterotoxin production in 

albacore tuna incubated at 27°C. .............................................................................. 51 
 
2.6 Growth of Staphylococcus aureus (log CFU/g)a and enterotoxin production in 

skipjack tuna incubated at 27°C. ............................................................................... 52 
 
3.1 Change of total plate counts (log CFU/g) in pre-cooked tuna meat after 3-h incubation 

at 37°C and 4-week storage at -20±2°C. ................................................................... 64 
 
3.2 Change of Staphylococcus aureus counts (log CFU/g) in pre-cooked tuna meat after 

3-h incubation at 37°C and 4-week storage at -20±2°C. .......................................... 65 
 
3.3 Change of total plate counts (log CFU/g) in pre-cooked tuna meat thawed and 

incubated at 35-37°C. ............................................................................................... 66 
 
3.4 Change of Staphylococcus aureus counts (log CFU/g) in cooked tuna meat thawed 

and incubated at 35-37°C. ......................................................................................... 67 
 
3.5 Enterotoxin production in pre-cooked tuna meat inoculated with S. aureus and 

incubated at 35-37°C after 4 weeks of frozen storage at -20±2°C. .......................... 68 
 
4.1 Effects of thermal processing on inactivation of purified staphylococcal enterotoxins 

in pre-cooked tuna meat. ........................................................................................... 79 
!



!

!

LIST OF TABLES (Continued) 
 
 

Table                                                                                                                               Page 
 
4.2 Thermal inactivation of enterotoxins produced by S. aureus in pre-cooked tuna meat.

................................................................................................................................... 80 



!

!

Chapter 1  

 
 

General Introduction 

  



!

!

2!

1.1 Overview of seafood consumption, benefits and risks 

1.1.1  Seafood consumption in the U.S. and worldwide 

Affected by attitudes towards eating seafood, involvement in healthy eating and 

perceived time used to prepare seafood meals, people tend to consume more seafood in 

recent decades (Iwamoto et al., 2010; Olsen, 2003; Olsen, Scholderer et al., 2007). The 

total worldwide fisheries production has been steadily increasing from 112 billion kg in 

1994 to 142 billion kg in 2005, of which the majority (approximately 75%) is usually 

consumed by humans (Food and Agricultural Organization of the United Nations, 2006). 

Between 2007 and 2009, 18.1 kg equivalent live weight of fish and shellfish were 

consumed per person annually in the world (National Marine Fisheries Service, 2012a). 

In 2011, U.S. has surpassed Japan and is now second only to China in seafood 

consumption. Totally, 2.1 billion kg of seafood were consumed in the U.S. in 2011, up 12 

% from 2001 (National Marine Fisheries Service, 2012b). 

1.1.2  Health benefits associated with seafood consumption 

Seafood is a good source of omega-3 polyunsaturated fatty acids (omega-3 PUFA), 

proteins of high biological value, vitamins (A, B3, B6, B12, D and E) and minerals, 

namely calcium, iron, selenium, zinc, etc. (Anthony et al., 1983; Bourre and Paquotte, 

2008; Shahidi, 1994; Sidhu, 2003), which brings potential health benefits to consumers. 

These benefits include but are not limited to: 
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1.1.2.1 Heart health 

Cardiovascular diseases are responsible for about half of Americans’ deaths. Nearly 

0.5 million new cases of coronary artery disease are diagnosed each year in the United 

States (Masley, 1998). The major risk factors associated with cardiovascular diseases are 

increased levels of plasma cholesterol, decreased levels of high density lipoproteins 

(HDL), elevated levels of very low density lipoproteins (VLDL) and low density 

lipoproteins (LDL), elevated levels of triglycerides, and hypertension (Sidhu, 2003). The 

omega-3 PUFAs tend to lower plasma cholesterol, VLDL, LDL, and triglycerides 

(Connor and Connor, 1997; Gibson, 1988; Schmidt et al., 2000), and increase plasma 

HDL levels (Sanders and Hinds, 1992; Schmidt et al., 2000). In addition, omega-3 

PUFAs also have been shown to have antiarrhythmic properties (Kang and Leaf, 1996) 

and prevent sudden death in men (Albert et al., 2002; Albert et al., 1998; Rosenberg, 

2002). Three prospective epidemiological studies reported that men who ate at least some 

fish weekly had a lower coronary heart disease (CHD) mortality rate than that of men 

who ate none (Kris-Etherton et al., 2003; Stone, 1996). However, a study conducted with 

women reported an inverse association between fish intake and CHD death (Hu et al., 

2002). 

1.1.2.2 Brain function 

High amounts of docosahexaenoic acid (DHA), an omega-3 PUFA, in certain 

specific places such as brain nerve synapses, the retina of the eye, and sperm 

indicate its vital role in the development and functions of these organs and systems 



!

!

4!

(Horrocks and Yeo, 1999; Rice, 1996). According to studies of the effects of 

restricted availability of omega-3 essential fatty acids in experimental animals and 

human infants, adequate incorporation of DHA during specific periods of neural 

membrane maturation is necessary for the optimal neurological development and 

physiological functions (Burdge, 1998). 

1.1.2.3 Diabetes 

Fish oil intake has been associated with a low incidence of diabetes mellitus (Rustan 

et al., 1997), though excessively high intakes of omega-3 PUFAs (≥0.20 g omega-3/d or 

≥2 servings of fish/d) may increase the risk of type 2 diabetes (Djoussé et al., 2011). 

Omega-3 PUFAs appear to lower hypertension and plasma triglycerides in humans 

leading to improvement of insulin resistance (Berry, 1997). A study reporting fish oils 

could alter vascular reactivity and favorably influence arterial wall characteristics in 

patients with non-insulin-dependent diabetes mellitus (McVeigh et al., 1994). 

1.1.2.4 Visual function 

Fish consumption facilitates electroretinogram responses and visual acuity due to the 

supplementation of DHA (Burdge, 1998). Infants receiving DHA supplementation at 

0.32% of total fatty acids had better visual acuity at 12 months of age, though higher 

amounts of DHA supplementation were not associated with additional improvement of 

visual acuity (Birch  et al., 2010). 
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1.1.2.5 Depression 

It has been suggested that clinical depression may be inversely correlated with 

omega-3 PUFAs concentration in blood (Adams et al., 1996). A study of more than 5,000 

males and females indicated low frequency of fish consumption was statistically 

significantly associated with depression in women, but not in men (Timonen et al., 2004). 

In addition, fish consumption may also contribute to risk reduction of stroke, 

hypertension, rheumatoid arthritis, and cancer as well as development of reproductive 

system, and so on (Kris-Etherton et al., 2003; Sidhu, 2003). 

1.1.3  Potential health risks related to seafood consumption 

Though fish could provide nutritive substances to consumers, the indisputable 

benefits derived from fish consumption may be offset by the presence of chemical and 

microbiological contaminants. 

1.1.3.1 Chemical contaminants 

The potential health risks related to fish consumption may be due to the presence of 

carcinogenic (e.g., DDT, dieldrin, heptachlor, polychlorinated biphenyls-PCBs, dioxin) 

and non-carcinogenic (e.g., methyl mercury) environmental contaminants in fish tissues 

(FDA, 2004; Nesheim and Yaktine, 2007; Sidhu, 2003; Storelli and Marcotrigiano, 

2000). These contaminants are present in low levels in lakes, rivers, seas, and oceans. 

However, by bioaccumulation and biomagnification, the fish species can concentrate the 

environmental contaminants. The fat-soluble environmental contaminants such as PCBs 
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concentrate in adipose tissues of fish. Removing skin and trimming fat from fish bodies 

before cooking can reduce PCBs exposure. Methyl mercury however is stored in muscles, 

which cannot be removed by the procedures described above (Kris-Etherton et al., 2003). 

Fish consumption is a major path of human exposure to the above-mentioned 

environmental contaminants. The PCBs and methyl mercury have long half-lives in 

human bodies. For oral human exposure to PCBs, the elimination half-lives from whole 

blood range from 4 to 12 months (Agency for Toxic Substances and Disease Registry, 

1998). The biological half-life for organic forms of mercury is 70–90 days (Gossel, 1994; 

Rowe et al., 1996). Therefore, there is the possibility for fish eaters to accumulate high 

levels of environmental contaminants in their bodies. 

1.1.3.2 Microbial safety 

Foodborne infections associated with seafood are caused by a variety of bacteria, 

viruses, and parasites (Iwamoto et al., 2010). This diverse group of pathogens results in a 

wide variety of clinical syndromes, each with its own epidemiology. 

The bacterial pathogens that can be associated with seafood-borne illness include 

Vibrio species, Salmonella, Shigella species, Clostridium botulinum (Type E), 

Staphylococcus aureus, Clostridium perfringens, and Bacillus cereus. Out of 30 Vibrio 

species, 14 are recognized as pathogenic for humans. Vibrio prefers warm water to grow, 

leading to a marked seasonal distribution of Vibrio infection cases. Most cases of food-

borne Vibrio infection are associated with raw oyster consumption (Iwamoto et al., 

2010). Salmonella contains approximately 2,579 serotypes or even more. Outbreaks of 
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Salmonella infection have been associated with fish, shrimp, oysters, and clams (Bryan, 

1980; FDA, 2012). Seafood can be contaminated by Salmonella during harvesting, 

processing and storage (Bryan, 1980). In 2012, 425 illnesses caused by Salmonella 

Bareilly (410 persons) and Salmonella Nchanga (15 persons) were linked to raw 

yellowfin tuna consumption in the United States (Center for Disease Control and 

Prevention, 2012). Shigella infection is considered highly communicable, because 

ingestion of as few as 10 viable organisms is sufficient for an infection to occur (Iwamoto 

et al., 2010). Any water contaminated by Shigella could contaminate seafood harvested 

from the contaminated region. Clostridium botulinum is capable of forming spores and 

producing seven types of neurotoxins. Among them, C. botulinum type E spores may be 

present in fish and aquatic animals, and require the fermentation under anaerobic 

conditions to germinate (McLaughlin et al., 2004). Most seafood botulism cases are 

caused by type E toxin and usually associated with home-canned, fermented or salted 

seafood (Shapiro et al., 1998). Some strains of Staphylococcus aureus produce 

enterotoxins that cause gastrointestinal illness. As the main reservoir of S. aureus is 

human, staphylococcal infections linked to seafood consumption are usually associated 

with seafood contaminated with pathogenic S. aureus by processors during food 

preparation (Bryan, 1980; Tranter, 1990). Outbreaks caused by staphylococcal 

enterotoxins are usually associated with foods left at inappropriate temperatures for 

prolonged periods, allowing multiplication of the organism and enterotoxin production 

(Bryan, 1980). 
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In additional to bacteria, viruses (Norovirus and Hepatitis A) and parasites 

(Helminths and Protozoa) may also be the causes of seafood-associated infections 

(Iwamoto et al., 2010). 

1.1.4  Seafood sources 

Consumable seafood includes demersal fish (e.g. cod and haddock), pelagic fish (e.g. 

herring, mackerel, anchovy, and tuna), crustaceans (e.g. crabs, lobsters, krill, shrimp), 

mollusks and cephalopods (e.g. squid, cuttlefish, octopus). Marine mammals make a 

relatively small portion of the global fish catch, though their oil and meat have been 

heavily exploited recent years. 

Among these sources of seafood, tuna is the second most consumed seafood 

overpassed only by shrimp in U.S (National Marine Fisheries Service, 2012a; Nesheim 

and Yaktine, 2007). 

 

1.2 Tuna consumption and processing 

Tuna is found in the warm water areas of the Pacific, Atlantic and Indian Oceans as 

well as the Mediterranean Sea. While fresh tuna has been enjoyed by sea coastal 

populations throughout history, tuna in other forms has also been popular. In ancient 

times, smoked and pickled tuna were widely enjoyed. Today, canned tuna fish is 

extremely popular throughout the world and is the most widely consumed fish product in 

the United States. 
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In the U.S., imported tuna (whole or eviscerated) accounts for 7% of the total 

imported fresh and frozen fish, and more than 50% of imported canned fish products is 

canned tuna in 2011 (National Marine Fisheries Service, 2012a). Based on consumer end 

uses, different species of tuna fish with diverse quality requirements are used to produce 

various tuna products (Bartram, 1997). 

1.2.1  Tuna species 

The most common tuna species are bluefin, albacore, yellowfin, bigeye, skipjack and 

little tunny tuna (Kennedy, 2013). Bluefin tuna are large, streamlined fish that grow to 

lengths of 4 m and weights of 900 kg. Albacore is found throughout the Atlantic Ocean, 

Pacific Ocean and Mediterranean Sea with a maximum size of about 1.2 m and 40 kg. 

Yellowfin tuna often has a yellow stripe on its side with long second dorsal fins and 

yellow anal fins. Its maximum length is 2.4 m and weight is 200 kg. Yellowfin tuna 

prefers warm, tropical to subtropical waters. Bigeye tuna is similar to yellowfin tuna, but 

has larger eyes, as described by its name. Bigeye tuna can grow up to about 2 m in length 

and weigh up to about 180 kg. Skipjack is a smaller tuna that grows to about 1 m in 

length and about 19 kg in weight. It lives in tropical, subtropical and temperate oceans 

around the world. The little tunny, also known as the mackerel tuna, little tuna, bonito 

and false albacore, is found worldwide in tropical to temperate waters (Kennedy, 2013). 

The ranking of tuna species by fresh market value from high to low is bluefin > 

bigeye > yellowfin > albacore > skipjack. Usually lower grade tuna, such as albacore and 

skipjack, are used for canning products (Bartram, 1997). 
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Due to differences in the postharvest processes, albacore tuna meat tends to have a 

lower salt concentration than skipjack tuna meat. This is caused by salt absorption during 

brine freezing commonly used to preserve skipjack tuna. Albacore, a larger and more 

valuable fish than skipjack, is placed individually on racks for blast freezing whereas 

staging skipjack tuna on blast freezing racks would be labor-intensive and costly 

(Sikorski and Kolakowska, 1990). For this reason, skipjack are typically poured into 

wells containing brine for freezing, which inevitably results in salt absorption leading to 

higher salt contents. Even among skipjack tuna, the degree of salt absorption depends on 

the initial temperature of the brine, the size of the fish, and the amount of fish loaded at 

the same time into the brine well. Smaller fish absorb proportionally more salt due to a 

higher surface to volume ratio. Brine temperatures below -7˚C should be used for quick 

freezing of the fish surface to minimize salt absorption (Personal Communication). The 

loading rate of tuna into the well also affects salt absorption since fast loading may 

increase the brine temperature to above -7˚C causing the fish to absorb more salt until the 

temperature of brine drops below -7˚C again (Personal Communication). 

1.2.2  Preparation procedures for canned tuna products  

After frozen tuna fish is shipped to a processor, it takes several steps - thawing, 

butchering, pre-cooking, cleaning, filling, can sealing, thermal processing, labeling and 

shipping (Figure 1.1) - to make them into canned tuna products (National Fishries 

Institute, 2013). The process begins with moving the tuna from the freezer to thawing 

tanks (filled with air or circulating warm water) for a few hours and cutting the fish into 
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quarters. The cut tuna is then loaded into cooking chambers for pre-cooking until 

backbone temperatures exceed 60˚C. After cooling, the tuna is then manually cleaned and 

separated from the head, tail, skin, bones and dark flesh. The cleaned loins are then fed 

into filling machines where prescribed amounts of tuna are placed into cans. The cans of 

tuna are then filled with broth, water or oil and sealed before being placed in retort 

baskets. After a prescribed cook time at setting temperature, the sterilized canned tuna is 

then moved to a cooling area. Cooled cans are labeled and placed into cases for shipment 

(Bumble Bee, 2012; Chicken of the Sea, 2013; JBT Food Tech, 2013; National Marine 

Fisheries Service, 2012a). 

1.2.3  Health benefits from tuna consumption 

Tuna is one of the fish species that is rich in omega-3 PUFAs (Sidhu, 2003). 

Therefore, potential health benefits such as cardiovascular health, eye health, cancer 

prevention, cognitive benefits, mood lifter, improved insulin response, detoxification 

promotion as mentioned earlier, are also associated with tuna consumption. 

1.2.4  Risks associated with canned tuna products 

Due to the specific living environment and harvesting method of tuna, the risks 

related to tuna consumption is distinguished from the general risks of seafood 

consumption. 
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1.2.4.1 Histamine 

Histamine poisoning is among the three most frequent causes of illness associated 

with the consumption of seafood in the United States (Ben-Gigirey et al., 1999; FDA, 

1994). Histamine is a biogenic amine formed through the decarboxylation of the amino 

acid, histidine, by the enzyme histidine decarboxylase. Fish belonging to Scombridae 

family (tuna, mackerel, mahi mahi, bonito, bluefish, and sardine) usually contain high 

levels of histidine in muscle, which can lead to histamine formation if the fish is not 

properly stored before consumption (Du et al., 2002; FDA, 2011; Fletcher et al., 1995; 

Frank et al., 1985; Kim et al., 1999; López-Sabater et al., 1996; Rossi et al., 2002; 

Yoshinaga and Frank, 1982). Therefore, histamine poisoning is most commonly 

associated with the consumption of these fast swimming fish. 

Consumption of fish containing histamine may result in a variety of symptoms, 

including rash, facial flushing, sweating, vomiting, diarrhea, headache, burning sensation 

and a metallic taste in the mouth, which depend on the amount of histamine consumed 

and individual sensitivity to histamine (Olsen et al., 2000; Taylor and Eitenmiller, 1986). 

The onset of symptoms is rapid, ranging from immediate to 30 minutes after ingestion of 

fish. The illness typically lasts a few hours but may last for days. Most patients will 

recover from the illness without medications. Antihistamines, such as diphenhydramine 

or cimetidine, are often used to relieve the symptoms (Becker et al., 2001). 
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1.2.4.2 Mercury 

Mercury is recognized as one of the most hazardous pollutants introduced into the 

environment. The majority of the mercury released into the marine environment is 

inorganic but can be converted to the toxic methylmercury by anaerobic bacteria in 

sediments. This organometallic compound, because of its lipophilic nature, penetrates 

readily across cell membranes and attaches itself to nucleophilic groups in enzymes 

involved in protein synthesis in the central nervous system, which is the main target of 

mercury (Storelli et al., 2002). Exposure to mercury can cause serious brain damage 

including psychological disturbance, impaired hearing, loss of vision, ataxia, motor 

control and general debilitation. Moreover, retardation in psychomotor development has 

been detected in children due to the absorption of methyl mercury during the 

embryogenesis phase. After the severe pollution incidents of Minamata and Niigata in 

Japan (1965), considerable efforts have been expended on monitoring mercury in the 

aquatic environment. The US Food and Drug Administration has set an action level of 1 

mg/kg wet weight for the concentration of total mercury in fish (FDA, 2011). The Joint 

FAO-WHO Expert Committee on Food Additives (JECFA) in Provisional Tolerable 

Weekly Intake recommends that a maximum weekly intake of 0.3 mg of total mercury in 

the diet of an adult with a bodyweight of 60 kg not exceed more than 0.2 mg as 

methylmercury (World Health Organisation, 1993). However, total mercury 

concentrations above the regulatory limits have been observed in several cases, 

particularly in certain species like anglerfish and megrim that live on or close to the 
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seabed (Storelli and Marcotrigiano, 2000; Storelli et al., 1998) and in other species that 

are long-lived and/or from high trophic levels, such as shark, tuna and swordfish 

(Monteiro and Lopes, 1990; Nakagawa et al., 1997; Storelli et al., 2001; Storelli and 

Marcotrigiano, 2001). 

Amongst the species with a potential to accumulate elevated metal levels, tuna is one 

of the most commercially available fish that is frequently consumed worldwide (Burger 

et al., 2005). However, levels of mercury in fish can vary widely, even within species, 

depending on factors such as habitat location, body size, age, trophic level and 

preparation method (Rasmussen, 2006). Albacore tuna was added to the risk advisory 

based on previous FDA reports regarding levels of mercury in fish, in which albacore 

were in the mid-range mercury group (0.35 ppm) (FDA, 2004). 

1.2.4.3 Microbial pathogens and toxins 

Besides chemical contaminants, microbial pathogens are also an important cause of 

foodborne illnesses associated with tuna consumption. The quality of the water from 

which tuna are captured and sanitary conditions during processing are keys to the overall 

microbial quality of tuna. Several human pathogens, such as Clostridium perfringens, 

Listeria monocytogenes, Salmonella spp. and Staphylococcus aureus, may be present in 

tuna (Feldhusen, 2000; Yoshinaga and Frank, 1982). 

Clostridium perfringens is anaerobic, sporeforming rod, and capable to produce 

neuro-toxins. It does not grow at normal chill temperatures and grows only moderately at 
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temperatures below about 20°C, with optimum temperatures between 37 and 45°C (FDA, 

2012; Jay, 2000). 

Listeria spp. is widely distributed in nature and can be found in moist environment. 

It includes 6 species, with L. monocytogenes being the primary pathogenic species. L. 

monocytogenes can grow at temperatures as low as 0.5°C, and as high as 45°C (Jay, 

2000). 

Salmonella spp. is principally found in the intestinal tract of warm-blooded animals 

and occasionally insects. Salmonella enterica, as the greatest public health concern, is 

comprised of six subspecies. It is gram-negative and requires a pH between 6.6 and 8.2, 

and temperatures between 5.3 and 45°C for growth (FDA, 2012; Jay, 2000). 

Staphylococcus aureus is ubiquitous and can be present in the mucous membranes 

and skin of most warm-blooded animals, including all food animals. The presence of this 

bacterium in processed foods or on food processing equipment is an indication of poor 

sanitation because this pathogen is highly vulnerable to destruction by heat treatment and 

most sanitizing agents. However, the enterotoxins produced by S. aureus might survive 

certain sterilization processes due to their heat resistance (Bergdoll and Wong, 2006; 

FDA, 2012; Jay, 2000). 

1.2.5  Foodborne poisoning outbreak associated with tuna 

Seafood and seafood products have been reported to be more likely the cause of 

foodborne illnesses than other foods according to a report of Center for Science in the 

Public Interest (CSPI, 2011). In 2012, a foodborne outbreak of Salmonella Bareilly and 
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Salmonella Nchanga infections was associated with consumption of a raw scraped 

ground tuna product in the U.S.. A total of 425 persons were infected according to reports 

from 28 states and the District of Columbia with 55 hospitalization and no death (CDC, 

2012). 

1.2.6  Risk prevention 

Considering the potential of histamine formation and contamination of S. aureus to 

allow enterotoxin formation in tuna meat, the FDA established HACCP guide as follows: 

1.2.6.1  Control of histamine formation 

Since the formation of histamine in fish is mainly related to bacterial enzymatic 

activity, the FDA recommends rapid chilling of fish on board and keeping fish at low 

temperatures (≤4.4°C) throughout distribution to minimize formation of histamine in fish 

(FDA, 2011). According to the FDA, histamine-forming fish that have been previously 

frozen, or heat processed sufficiently to destroy histamine-forming bacteria and are 

subsequently handled in a manner in which there is an opportunity for recontamination 

with histamine-forming bacteria (e.g., contact with fresh fish, employees, or introduction 

of raw ingredients), should not be exposed to temperatures above 21.1°C for more than 

12 hours, cumulatively; or exposed to temperatures between 4.4 to 21.1°C for more than 

24 hours, cumulatively. To prevent occurrence of histamine poisoning associated with 

fish consumption, the FDA established an advisory level that limits histamine at a level 

of <50 ppm in fish for consumption (FDA, 2011). 
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1.2.6.2  Control of staphylococcal enterotoxin formation 

Tuna canneries follow the FDA guide for hydrated batter mixes to control the growth 

of S. aureus in pre-cooked tuna meat. In general, enterotoxin-producing S. aureus does 

not produce enterotoxins until the populations of the pathogen increase to 5 - 6 log 

CFU/g (Castillejo-Rodriguez et al., 2002; FDA, 2011; Fujikawa and Morozumi, 2006; Le 

Loir et al., 2003). Although S. aureus can grow at temperatures as low as 7˚C and at a 

water activity as low as 0.83, toxin formation is not likely at temperatures lower than 

10˚C or at water activities below 0.85 (FDA, 2011). Therefore, exposure of food products 

contaminated with S. aureus to temperatures between 10°C and 21.1°C for more than 12 

hours or above 21.1°C for more than 3 hours could result in enterotoxin formation in the 

products (FDA, 2011). 

 

1.3 Staphylococcal Gastroenteritis 

1.3.1 Staphylococcus aureus 

The name of the organism, Staphylococcus aureus, describes the morphology of this 

bacterium that appears bunched in grape-like clusters under a microscope. S. aureus 

belongs to the genus of Staphylococcus which includes more than 30 species. They are 

gram-positive, non-sporeforming, catalase-positive, oxidase-negative, and non-motile 

cocci. S. aureus can be differed from other species of Staphylococcus by various 

biochemical characteristics, such as the production of coagulase, heat-resistance nuclease 

(TNase) and hemolysis (Arbuthnott et al., 1990). 
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1.3.1.1  Ecology of Staphylococcus aureus 

S. aureus is a ubiquitous human pathogen capable of causing staphylococcal food 

poisoning occurring through the consumption of food containing a sufficient amount of 

one or more enterotoxins. It is mesophilic, which generally can grow from 7˚C to 47.8˚C, 

with 35-37˚C being the optimal temperature for growth (FDA, 2012; Notermans and 

Heuvelman, 1983; Vandenbosch et al., 1973). Refrigeration could keep coagulase-

positive S. aureus counts to 4 - 5 log CFU/g in meats, which may increase to 9-10 log 

CFU/g in open air markets (Nkanga and Uraih, 1981). S. aureus cannot grow but may 

survive at refrigeration temperature, as some were isolated from vacuum-packed beef 

steaks when stored at 2˚C (Payne et al., 1991). Under ideal conditions, strains of S. 

aureus are highly tolerant to salts and are able to grow at water activity (aw) as low as 

0.83. Optimum growth of S. aureus occurs when the water activity (aw) is above 0.99 

(FDA, 2012; Huang et al., 2001; Portocarrero et al., 2002). The growth pH range is 

between 4.5 and 9.3, with an optimum between 7.0 and 7.5 (Bergdoll and Wong, 2006; 

FDA, 2012). 

1.3.1.2  Isolation, detection and quantification 

In order to detect and enumerate S. aureus in foods, enrichment isolation and direct 

plating are commonly used. Unlike selective enrichment, non-selective enrichment is 

useful for demonstrating the presence of injured cells, whose growth is not inhibited. 

Enumeration of S. aureus in a sample by enrichment isolation or selective enrichment 

isolation may be achieved by determining either the direct plate count or the most 
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probable number (MPN) of the enriched samples. The MPN procedure is recommended 

for surveillance of products expected to have a small population of S. aureus (<100 

CFU/g) and a large population of competing organisms. For foods containing higher level 

of S. aureus, direct plating method is suitable for the analysis (FDA, 2012). Baird-Parker 

medium is normally used for plate counting. The typical colony of S. aureus on a Baird-

Parker plate is smooth, convex, and gray to jet-black surrounded with an outer clear zone, 

which needs to be confirmed as S. aureus by the coagulase test (FDA, 1998). 

1.3.2 Staphylococcal enterotoxins 

It has been reported that the levels of S. aureus usually need to reach 5-6 log CFU/g 

in food to produce detectable amount of enterotoxin (Castillejo-Rodriguez et al., 2002; 

Fujikawa and Morozumi, 2006; Le Loir et al., 2003). Staphylococcal enterotoxins are 

single-chain proteins (MW 26,000-29,000), which are resistant to proteolytic enzymes 

and heat (FDA, 2012). There are five major enterotoxins (SE) named SEA, SEB, SEC (1, 

2, 3), SED, and SEE according to serotypes with additional toxins recently described as 

SEG, SEH, SEI, SEJ, and SEK (Balaban and Rasooly, 2000). 

1.3.2.1  Enterotoxin production conditions 

The temperature range for enterotoxin production varies with types of enterotoxins 

and types of media used. In general, enterotoxins may be produced between 10-45°C. 

The optimal temperature for enterotoxin production is 35-40°C, with 37°C being 

generally used (Bergdoll and Wong, 2006). An early study reported that SEA, SEB, SEC, 

and SED were produced in Brain Heart Infusion (BHI) broth over a range of temperature 
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(19-39°C) (Scheusner et al., 1973). Another study detected larger amounts of SEB (strain 

S-6) and SEC (strain FRI-137) in PHP-NAK medium at 40°C (Vandenbosch et al., 

1973). Maximal amounts of SEA and SEB were produced in 4% NAK medium at 39.4°C 

by the sac culture method (Donnelly et al., 1967; Pereira et al., 1982). 

SED was detected after 24 h incubation at both 30 and 37°C in cream pie and cooked 

ham with an inoculation of enterotoxin-producing S. aureus at a level of 103 CFU/g 

(Pereira et al., 1991). When S. aureus was grown in enriched BHI medium as well as in 

commercial canned mushrooms with an inoculum of 106/g and incubated at 37˚C, SEA 

was detected after 2 – 3 h (Rasooly and Rasooly, 1998). 

1.3.2.2  Enterotoxin detection 

Before the first enterotoxin was purified, all the SEs were initially detected by the 

use of monkeys that gave emetic reactions to the enterotoxins, as emesis is the most 

readily observable reaction to enterotoxins (Surgalla et al., 1953). Emesis occurring 

within 5 h after feeding of young rhesus monkeys indicates the presence of SEs in the 

samples. The cost of monkeys and labors, the resistance of monkeys to SEs after several 

feedings, and the difficulty in getting approval for the use of animals in research has 

limited the use of this method. 

After the first enterotoxin was identified and purified, immunological methods were 

developed for enterotoxin detection, including immunodiffusion, radioimmuno-assay 

(RIA), enzme-linked immunosorbent assay (ELISA), and reversed passive latex 
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agglutination (RPLA) (Bergdoll and Wong, 2006). These specific tests for SEs are based 

on their reactions with specific antibodies. 

Based on this principle, several diagnostic kits, such as RPLA, SET-EIA, TECRA, 

TRANSIA, RIDASCREEN, and VIDAS (Vitek Immuno Diagnostic Assay System) have 

been developed to detect SEs (Su and Wong, 1997). Most kits are ELISA based except 

RPLA and VIDAS. The RPLA kit uses latex particles sensitized with purified anti-SE 

immunoglobulins, which agglutinate in the presence of SEs. The VIDAS kit detects SEs 

by an enzyme-linked fluorescence assay (ELFA). All these kits are very sensitive, with 

detection limit at levels of less than 1 ng/g of food (Su and Wong, 1997). 

1.3.2.3  Enterotoxin inactivation 

Staphylococcal enterotoxins are relatively heat resistant, with a D121°C value (time at 

121°C for 90% inactivation) ranging from 8.3 to 34 min, and a z-value (the temperature 

required for the thermal destruction curve to traverse one log cycle) ranging from 25 to 

33°C (Bhatia and Zahoor, 2007). The heat stability seems to be dependent on the media 

the toxin is in, pH, salt concentration and other environmental factors (Balaban and 

Rasooly, 2000). It was reported that SEA in canned mushroom (50 ng/g) could be 

inactivated after 7.5 min sterilization at 121°C, however the thermal process was not 

sufficient to inactivate SEA at a level of 100 ng/g (Bennett et al., 1993).  

Several studies have investigated the effects of pH values on inactivation of 

enterotoxins by thermal processing. At pH 5.3, SEA (7 µg/ml) in casamino acids medium 

was inactivated by sterilization at 121°C for 1 min, while 25 min at 121°C was needed to 
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inactivate the same amount of SEA in beef bouillon (Humber et al., 1975). At pH 6.2, 

sterilization at 121°C for 27 min was required to inactivate SEA (5 µg/ml) in beef 

bouillon (Denny et al., 1971). A process of 16.4, 39.1, or 87.1 min at 121, 110, or 99°C, 

respectively, was needed to inactivate 30 µg SEB in 1 ml veronal buffer (pH 7.2) (Read 

and Bradshaw, 1966). While in sterile fresh culture medium (pH 7.6), SEB at a level of 

100 µg/ml required 30, 180, and more than 300 min at 121, 100, and 80°C, respectively, 

to be inactivated (Fung et al., 1973). Purified raw milk containing SEB (30 µg/ml) could 

become SEB-free after 18.4 min sterilization at 121°C (Humber et al., 1975). 

Besides thermal inactivation, carboxymethylation of either five or six histidine 

residues of SEA could also cause a significant reduction in its toxicity. It was not 

associated with a conformational change, but appeared to be due to the modification of an 

amino acid residue within the toxic site of the molecule (Stelma Jr. and Bergdoll, 1982). 

Electrolyzed oxidizing water, prepared by the electrolysis of 0.1% NaCl, has been shown 

to inactivate 70 ng SEA in 25 µL PBS after 30 min treatment (Suzuki et al., 2002). 

1.3.3 Staphylococcal food poisoning 

Staphylococcal food poisoning is an acute intoxication resulting from the ingestion 

of food containing the enterotoxin produced by certain strains of S. aureus. The illness 

starts suddenly, 2-6 h after eating the contaminated food, with major symptoms of acute 

nausea, vomiting and abdominal pain often followed by diarrhea (Gilbert, 1974). In 

severe cases, prostration and dehydration may occur and require intravenous therapy. It is 

the illness having a high morbidity but a low mortality rate. The duration of the illness is 
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usually short and sharp with a full recovery in most cases within 24 h even from a state of 

collapse. 

Inevitably there must be a wide variation in the sensitivity of different individuals to 

the staphylococcal enterotoxins. It’s been reported that the minimum amount of 

enterotoxins to cause sickness in a person is 1 µg (Gilbert, 1974). However, investigation 

of an outbreak linked to consumption of chocolate milk revealed that as low as 184 ng 

SEA in chocolate milk could cause illness in school kids (Evenson et al., 1988). 

1.3.3.1 Staphylococcal enterotoxins outbreaks 

Table 1.1 summarizes outbreaks associated with seafood caused by S. aureus 

reported to the United States FDA from 1990 to 2013 (Center for Science in the Public 

Interest, 2009; Center for Science in the Public Interest, 2013). Three outbreaks 

associated with tuna consumption in 1991, 1992, and 2008 caused more than 20 illnesses. 

A recently study investigating S. aureus in fish and shrimp using multiplex PCR assays 

reported that S. aureus was detected in 5% of raw/fresh samples, 17.5% of frozen 

samples, and 12.3% of ready-to-eat samples (Zarei et al., 2012). The most common 

factors contributing to staphylococcal gastroenteritis outbreaks include improper holding 

temperature, poor personal hygiene during handling, contaminated equipment, inadequate 

cooking, and food from unsafe source (Jay, 2000).  

1.3.3.2 Staphylococcal food poisoning risk in pre-cooked tuna meat 

The temperature in a canned tuna production plant may range from around 20°C in 

the processing room to higher than 30°C in the sterilization room. During tuna canning 
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process, there is a possibility of S. aureus contamination when pre-cooked tuna fish is 

manually cleaned and separated with bones. As tuna contains lots of nutrients, it may 

support the growth of S. aureus if the fish is contaminated with the pathogen and exposed 

to elevated temperatures. The retort staging, which usually lasts several hours at room 

temperature, provides S. aureus a good chance to multiply and produce enterotoxins, 

which may not be eliminated during heat sterilization before shipped to consumers. 

Canned tuna products containing staphylococcal enterotoxins may serve as a vehicle of 

staphylococcal gastroenteritis if the products were not properly sterilized to destroy the 

enterotoxins and consumed. 

Although a few studies have investigated the growth of S. aureus in foods 

(Dengremont and Membré, 1995; Eifert et al., 1996; Ross and McMeekin, 1994), no 

research has been conducted to study the growth of S. aureus in pre-cooked tuna meat. 

1.4 Objectives 

In light of the above concerns, the objectives of this study were to determine: (1) the 

growth and enterotoxin production of S. aureus in pre-cooked tuna meat held at 37°C, the 

optimal growth temperature for S. aureus to mimic the worst scenario, and 27°C, a likely 

room temperature during thermal processing staging; (2) the survival of S. aureus in 

pre-cooked tuna meat stored at -20±2°C for 4 weeks and the ability of S. aureus to grow 

and produce enterotoxins in the pre-cooked tuna meat at 37˚C after frozen storage; and 

(3) the efficacy of sterilization at 111 and 121°C for inactivation of enterotoxins in 

pre-cooked tuna meat. 
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Primary [off-shore] 
 

Tuna fish (Frozen after caught) 
 

Transportation 
 

Thawing 
 

Butchering (Head, gut off) 
 

Pre-cooking 
 

Cleaning (Take out blood vessels, 
bruises, bones, scales manually) 

 
Vacuum packing * 

 
Frozen shipping 

Secondary [U.S.] 
 

Frozen storage 
 

Thawing 
 

Staging 
 

Can filling 
 

Can sealing 
 

Thermal processing staging 
 

Thermal processing 
 

Labeling (metal detector sometimes) 
 

Shipping 
 

 
Figure 1.1 Flowchart of canned tuna processing line 

*: Steps presented in grey color are omissible when primary suppliers and secondary 
canneries are together. 
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Table 1.1 Outbreaks of Staphylococcus aureus associated with consumption of seafood 
between 1990 and 2013 (Center for Science in the Public Interest, 2011; 2013).!

Year Suspected / Implicated seafood No. of cases States Location 
2009 Bok choy; fish 4 CO Restaurant 
2008 Tuna, “barracuda” 23 PR Other 
2007 Fish Sandwich; Shrimp 2 FL Restaurant / deli 
2006 Codfish 2 FL Restaurant / deli 
2006 Pasta, seafood 2 GA Restaurant / deli 
2006 Shrimp 13 MN Private home 
2006 Shrimp baguette 4 GA Restaurant / deli 
2005 Mackerel 2 HI Unknown 
2004 Conch (raw) 3 FL Restaurant / deli 
2004 Sandwich, tuna fish 2 FL Restaurant / deli 
2004 Tuna salad 2 FL Restaurant / deli 
2004 Tuna, “Skipjack” 3 HI Private home 
2003 Alligator 3 GA Restaurant / deli 
2003 Chowder, clam 2 FL Restaurant / deli 
2003 Oysters (fried) 6 WA Restaurant / deli 
2003 Pasta, seafood 5 MA Restaurant / deli 
2002! Codfish 7 OH Private home 
2002 Crab salad 4 FL Restaurant / deli 
2002 Mussels 2 WA Private home 
2002 Shrimp (steamed) 3 FL Restaurant / deli 
2002 Shrimp, unspecified 6 CA Restaurant / deli 
2001 Mussels (steamed) 3 FL Restaurant / deli 
2001 Sushi 2 OH Restaurant / deli 
2000 Fish 3 MI Restaurant / deli 
2000 Octopus 5 FL Restaurant / deli 
1999 Oysters (raw) 2 FL Restaurant / deli 
1999 Shrimp 3 FL Restaurant / deli 
1999 Lobster 2 FL Restaurant / deli 
1998 Salmon; grouper 3 FL Restaurant / deli 
1998 Shrimp creole 2 FL Restaurant / deli 
1997 Marlin 2 HI Private home 
1992 Crab (suspected) 2 NY Private home 
1991 Casserole, tuna and macaroni 22 IA Camp 
1991 Fried rice; shrimp eggs 100 IL Meeting room 
1991 Tuna salad 127 WI Multiple locations 
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2.1 Abstract 

This study investigated growth of enterotoxin-producing Staphylococcus aureus and 

time-temperature combinations needed for enterotoxin production in pre-cooked tuna 

meat. Frozen samples (50±5 g) of pre-cooked albacore tuna (loin, chunk and flake) and 

skipjack tuna (chunk and flake) were thawed overnight at 4°C, inoculated with five 

strains of S. aureus (2-4 log CFU/g), and incubated at 37 and 27°C for up to 36 h. S. 

aureus counts in samples during incubation were determined by plating on Baird-Parker 

media. Populations of S. aureus in inoculated albacore and skipjack tuna meat increased 

by >3 log CFU/g after 6 and 8 h of incubation at 37°C, respectively. A similar increase of 

S. aureus counts (>3 log CFU/g) in albacore and skipjack samples required more than 8 

and 10 h, respectively, when samples were incubated at 27°C. No enterotoxin was 

produced in albacore or skipjack tuna meat inoculated with five strains of 

enterotoxin-producing S. aureus and exposed to 37°C for 12 h or 27°C for 16 h. All the 

samples showed clear sign of spoilage before enterotoxin was detected. 

 

 

Keywords: Staphylococcus aureus, enterotoxin, tuna, seafood safety.  
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2.2 Introduction 

The United States imported about 91% of the seafood consumed in 2011 and was the 

second only to China in seafood consumption (National Marine Fisheries Service, 

2012b). According to the National Marine Fisheries Service (NMFS) of the National 

Oceanic and Atmospheric Administration (NOAA), Americans consumed 4.7 billion 

pounds (2.1 billion kg) of seafood in 2011with the average American consuming 15.0 

pounds (6.8 kg) of edible meat per person (National Marine Fisheries Service, 2012b). Of 

the 15.0 pounds of seafood consumed per person in 2011in the U.S., about 2.25 pounds 

(1.02 kg) were canned tuna, which was the number two choice for seafood consumption 

in the U.S. after shrimp (National Marine Fisheries Service, 2012a). Due to its abundant 

availability in warm water, excellent flavor and high nutritional value (USDA, 2005), 

tuna products are widely consumed around the world. The European Union, the United 

States and Japan are the largest consumers of canned tuna, accounting for about 51%, 

31% and 6% of the world’s production, respectively (National Marine Fisheries Service, 

2012a). 

In 2011, the U.S. produced 385 million pounds (174.6 million kg) of canned tuna 

valued at $768.7 million (National Marine Fisheries Service, 2012a). Canned tuna is 

commonly produced from pre-cooked tuna mixed with edible oils, brine, water, or sauces 

in cans. Typically, eviscerated tuna are pre-cooked to facilitate “cleaning” – the manual 

separation of the meat from the skin and bones. According to the U.S. Food and Drug 

Administration Fish and Fishery Products Hazards and Controls Guidance (4th edition) 

(FDA, 2011), when significant manual handling occurs after cooking, there is the 
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potential that fish and fishery products may become recontaminated with pathogens, 

including Staphylococcus aureus. If recontaminated, there is a potential for S. aureus to 

multiply in pre-cooked tuna meat to significant numbers to produce heat-stable 

enterotoxins in the canned products before the products are commercially sterilized. 

While outbreaks of staphylococcal food poisoning have not been associated with 

commercially canned tuna, they have been linked to canned, smoked and salted products, 

boiled paste and sausages where the growth of competing organisms are inhibited (Bryan, 

1980; Nakano et al., 2004; Simon and Sanjeev, 2007). Although cells of S. aureus can be 

inactivated by thermal sterilization processes, the enterotoxins they produced may not be 

eliminated by the process. Therefore, S. aureus has the potential to be a pathogen of 

safety concern in canned tuna products. 

Staphylococcus aureus can produce heat-stable enterotoxins capable of causing 

gastroenteritis in humans. The enterotoxins are single-chain proteins (MW 26,000-

29,000), which are resistant to proteolytic enzymes and heat (Center for Food Safety and 

Applied Nutrition, 2013). There are five main enterotoxin designated SEA, SEB, SECs 

(1, 2, 3), SED, and SEE, though additional serotypes have recently been described SEG, 

SEH, SEI, SEJ, and SEK (Balaban and Rasooly, 2000). It has been reported that the 

populations of S. aureus usually need to reach 5-6 log CFU/g, either at the end of the 

exponential phase or during the stationary stage of its growth, before detectable amount 

of staphylococcal enterotoxins would be produced (Sutherland et al., 1994; Castillejo-

Rodriguez et al., 2002; Le Loir et al., 2003; Fujikawa and Morozumi, 2006). Enterotoxin 

A and C have been detected in uncooked raw milk cheese of pH values around 6.5 after 



!

!
!

31!

the enterotoxigenic strains of S. aureus have grown to more than 105 CFU/g (Delbes et 

al., 2006). 

Although several studies have investigated growth of S. aureus in foods (Ross and 

McMeekin, 1994; Dengremont and Membré, 1995; Eifert et al., 1996), no study has been 

performed to examine growth of S. aureus in pre-cooked tuna meat. The temperatures in 

a canned tuna production plant may range from about 20°C in the processing room to 

higher than 30°C in the sterilization room. Therefore, the objective of this study was to 

investigate the growth of enterotoxin-producing S. aureus in pre-cooked albacore and 

skipjack tuna meat and the time-temperature combinations needed for the bacteria to 

produce enterotoxins in pre-cooked tuna meat held at 27 and 37°C, the optimal growth 

temperature for S. aureus (Vandenbosch et al., 1973; Notermans and Heuvelman, 1983; 

Center for Food Safety and Applied Nutrition, 2013) to mimic the worst scenario. 

2.3 Materials and Methods 

2.3.1   Bacteria culture preparation 

Three Staphylococcus aureus strains (N-5018, ATCC 13566 and ATCC 25923) 

producing enterotoxins A (SEA) and B (SEB) plus two strains (N-5014 and ATCC 

13565) producing SEA and enterotoxin D (SED) were used in this study. Each strain was 

individually grown in 10 ml tryptic soy broth (TSB, Bacto, Becton Dickson, Spark, MD) 

overnight at 37°C, streaked onto a Baird-Parker (EMD Millipore, Gibbstown, NJ) plate 

containing 5% egg-yolk tellurite emulsion (Difco, Becton Dickson, Spark, MD) and then 

incubated at 37°C for 48 h. One typical colony of S. aureus that is smooth, convex, and 
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gray to jet-black surrounded with an outer clear zone was transferred to 10 ml fresh TSB 

and incubated overnight at 37°C. After overnight incubation at 37°C, a volume of 100 µl 

of enriched culture was transferred into 150 ml fresh TSB and incubated at 37°C. Growth 

of S. aureus in the medium was measured every 2 h by plating on trypticase soy agar 

(TSA, BBL, Becton Dickson, Spark, MD). Each enriched culture in TSB (0.05 ml) was 

tested for coagulase activity (Coagulase Plasmas Rabbit with EDTA, BBL, Becton 

Dickson, Spark, MD) according to procedures described in the FDA’s Bacteriological 

Analytical Manual (FDA, 1998). The ability of each S. aureus strain to produce 

enterotoxin was verified using a commercial test kit with a detection limit of 0.5 ng/ml 

(SET-RPLA Staphylococcal Enterotoxin Test Kit OXTD0900A, Thermo Scientific 

TD0900A, Sunnyvale, CA). 

To prepare a cocktail of S. aureus cells representing the diversity of S. aureus strains 

if contamination occurs during tuna processing, the five S. aureus strains were 

individually grown in 10 ml TSB at 35-37°C for 20-24 h. Each enriched culture (10 µl) 

was transferred to 10 ml fresh TSB and incubated at 35-37°C for 12-16 h. The TSB 

cultures of the five strains were then pooled into a sterile centrifuge tube and cells were 

harvested by 15 min centrifugation at 3,000 × g (Beckman J6-MI, Beckman Coulter, 

Brea, CA) and 5±1 °C. The cell pellet was resuspended in 50 ml sterile phosphate-

buffered saline to produce a multi-strain cocktail suspension. 
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2.3.2   Tuna samples  

Frozen pre-cooked albacore (loin, chunk, and flake) and skipjack (chunk and flake) 

samples were provided by a canned tuna producer. All samples were cut into pieces (5.0 

cm x 5.0 cm x 2.5 cm) of 50±5 g under sanitary conditions, individually sealed in a 

vacuum plastic bag and kept in a -80°C freezer until use. 

2.3.3   Temperature profiles of samples during incubation 

Frozen tuna samples were thawed overnight (12-14 h) in a refrigerator (5-7°C). 

Thawed samples were placed individually in 400-ml sterile plastic cups with loosely 

covered lids (Gosselin North America, Tewksbury, MA). The cups were held at room 

temperature for 10 min and then incubated at 27 or 37°C. Change of temperature in a 

sample during incubation was monitored and recorded at 1.3 cm below surface with 

thermocouples and data loggers (TrackSense® Pro Mini, Ellab, Centennial, CO) at 2 min 

intervals. Additional thermocouples were used to monitor temperature inside the 

incubators. 

2.3.4   Sample characterization 

The moisture content of each type of tuna samples was determined following the 

Method (934.01) of the Association of Official Analytical Chemists (AOAC) Method 

(AOAC International, 2005) by measuring the overnight weight loss in an oven (1330 

GM Gravity Oven, VWR, Radnor, PA) at 105°C. The water activity of each sample was 

measured with the AquaLab water activity meter (Decagon, Pullman, WA). 
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The salt (NaCl) content of a sample was measured according to AOAC Method 

937.09 (AOAC International, 2005). Briefly, a finely comminuted tuna sample (5 g) was 

mixed with 25 ml of 0.1 N AgNO3 (Alfa Aesar, Ward Hill, MA) and 15 ml of 68% HNO3 

(VWR, Radnor, PA). The sample mixture was boiled until the color disappeared followed 

by addition of 5 ml of ferric alum indicator (RICCA Chemical Company, Arlington, TX). 

The sample mixture was then titrated with 0.1 N ammonium thiocyanate solution 

NH4SCN (Alfa Aesar, Ward Hill, MA) to a permanent, salmon-colored endpoint. The 

NaCl content in the sample was calculated using Eq. (1). 

NaCl! % = !
!".!!!"!!"!!!!!"#

!"""!!"/! !.!!!"#/! !".!!!/!"#
!!!"#$%&!!"#$!! !x!100!!                         (1) 

Sample pH was determined by measuring the pH of a sample suspension prepared 

from homogenizing 10 g of sample in 90 ml of deionized water using a Stomacher set at 

275 rpm for 30 s (Brinkmann, Northbrook, IL) with a pH meter (Orion, Thermo 

Scientific, Beverly, MA). All the tests were conducted in triplicate. 

2.3.5   Sample inoculation and incubation 

Each thawed tuna sample was inoculated with the five-strain cocktail of S. aureus 

suspension at 5 spots on the surface (20 µL/spot) to yield a level of 103-4 CFU/g in 

albacore flake sample and 102-3 CFU/g in all other samples. Inoculated samples were held 

in a biological safety cabinet for about 5 min to allow the absorption of the inoculum into 

the tuna samples. Samples with no inoculation were used as controls and analyzed for 

background bacterial counts. All samples were placed individually in sterile plastic cups 

with lids loosely covered and held at 27 or 37°C for up to 36 h. 
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2.3.6   Microbial analysis and enterotoxin detection 

All samples were analyzed for total aerobic and S. aureus counts before and after 

incubation. Total aerobic counts were determined by the pour plate method using TSA 

plates incubated at 35±2°C for 48 h or 27±1°C for 72 h. S. aureus counts were 

determined by the surface plating method on Baird-Parker plates incubated at 35-37°C 

for 48 h. Typical colonies for S. aureus formed on the Baird-Parker plates were 

confirmed by the coagulase test. For enterotoxin detection, a homogenized sample 

solution was filtered through a 0.22 µm low protein-binding filter unit (EMD Millpore, 

Billerica, MA) and analyzed with the SET-RPLA Staphylococcal Enterotoxin Test Kit. 

All bacterial counts were analyzed in triplicate and results were reported as means of 

three determinations ± standard deviation. Studies at each temperature were conducted 

twice. 

2.3.7   Statistical analysis 

Microbial counts were expressed as log values for statistical analysis. Bacterial 

populations in tuna meat at different incubation time were analyzed by One-Way 

ANOVA and Tukey-Kramer multiple-comparisons Test (R program, R Foundation, 

Vienna). Significant differences among populations at different times were established at 

p<0.05. 
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2.4 Results and Discussion 

2.4.1  Temperature profiles of tuna samples during incubation 

Changes of temperature in tuna samples, which had been thawed overnight in a 

refrigerator (5-7°C), then incubated at 37 and 27°C are illustrated in Figures 2.1 and 2.2. 

No significant difference was observed among the temperature profiles of all five types 

of tuna samples incubated at 37 or 27°C for more than 8 h (500 min). It took about 220 

min to allow the internal temperature of all samples to reach 36°C when incubated at 

37°C and about 200 min to reach 27°C when incubated at 27°C. Since the temperature 

profile was monitored at 1.3 cm below the surface of a sample, it would require less time 

than those observed to allow the temperature on the surface to increase to 37 or 27°C 

during incubation. 

2.4.2  Proximate composition of tuna samples 

Moisture contents, water activity, salt concentrations and pH values of the five types 

of tuna samples are reported in Table 2.1. Wet basis moisture content values for skipjack 

chunk and flake samples and albacore chunk samples were slightly lower than that of 

albacore loin and flake samples. All the albacore (loin, chunk and flake) samples had 

higher water activity than both skipjack chunk and flakes samples. This appears to be due 

to much lower salt contents in albacore samples (0.06 - 0.09 %) than in skipjack samples 

(0.6 – 1.9 %). The pH of all samples ranged from 5.60 – 6.39 with both skipjack samples 

having lower pH values (5.60-5.61) than those (5.81-6.39) of albacore samples. 
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2.4.3  Change of total bacterial counts in tuna meat incubated at 37 and 

27°C 

In general, higher bacterial counts were observed in flake samples than in chunk or 

loin samples. Among the five types of tuna samples, albacore chunk and both skipjack 

chunk and flake provided less support than albacore loin and flake for bacterial growth 

(Table 2.2). The total aerobic bacteria growth counts in albacore flake and loin increased 

by 3.02 and 2.42 log CFU/g after 8 h of incubation at 37°C, while much lower increases 

were observed in skipjack chunk (1.20 log CFU/g), skipjack flake (1.17 log CFU/g) and 

albacore chunk (0.72 log CFU/g). When samples were incubated at 27°C, growth of 

bacteria in all 5 types of samples was slower than at 37°C, indicating 27°C was less 

optimal than 37°C for growth of bacteria in these types of samples. 

2.4.4  Growth of Staphylococcus aureus and enterotoxin production in 

tuna incubated at 37°C 

Changes of total plate counts in tuna samples inoculated with S. aureus and incubated 

at 37°C are illustrated in Figures 2.3 & 2.4. Similar to samples without S. aureus 

inoculation, higher total bacterial counts were observed for flake samples than for chunk 

or loin samples. All the samples were found to contain total bacterial counts of greater 

than 7 log CFU/g after 12 h of holding at 37°C with a strong unpleasant odor, indicating 

product spoilage. The total bacteria counts in the samples all increased to greater than 9 

log CFU/g with sticky mucus being observed on surface after 36 h of incubation at 37°C. 
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Counts of S. aureus in albacore loin, chunk and flake samples increased by 3.37, 3.39 

and 3.50 log CFU/g, respectively, after 7 h of incubation (Table 2.3). On the other hand, 

it took 9 h to allow populations of S. aureus in skipjack chunk and flake sample to 

increase by 3.15 and 3.23 log CFU/g, respectively (Table 2.4). The populations of S. 

aureus increased to greater than 6 log CFU/g in albacore flake samples after 6 h and in 

loin and chunk samples after 8 h of incubation (Table 2.3). However, it took 10 h of 

incubation at 37°C to allow the populations of S. aureus in skipjack chunk and flake 

samples to increase to greater than 6 log CFU/g (Table 2.4). This result indicating cells of 

S. aureus can grow faster in albacore tuna meat than in skipjack tuna meat most likely 

due to much higher salt contents and lower pH values in skipjack than in albacore meat. 

Overall, populations of S. aureus increased to greater than 7 log CFU/g in albacore flake 

after 7 h, in albacore loin and chunk after 9-10 h, and in skipjack samples after 12 h of 

incubation 37°C. 

Despite the levels of S. aureus in samples all increased to greater than 7 log CFU/g, 

no enterotoxin was detectable in any samples after incubation at 37°C for 12 h (Table 2.3 

& 2.4). However, enterotoxins were detected in all samples, except albacore flake, after 

24 h of incubation at 37°C. Enterotoxins were detected in all the samples after 36 h of 

incubation at 37°C. It was not clear when the enterotoxins were produced in each type of 

samples because no analysis was conducted between 12 and 24 of incubation. These 

results demonstrate that no enterotoxin was produced in tuna meat inoculated with five 

strains of enterotoxin-producing S. aureus and exposed to 37°C for 12 h. All the samples 

showed clear sign of spoilage before enterotoxin was detected. 
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2.4.5  Growth of Staphylococcus aureus and enterotoxin production in 

tuna incubated at 27°C 

As expected, total plate counts of tuna samples inoculated with S. aureus and 

incubated at 27°C increased slower than those observed at 37°C (Figures 2.5 & 2.6). 

Total plate counts obtained from TSA plates incubated at 37°C for 48 h were slightly 

though not significantly lower than those obtained from plates incubated at 27°C for 72 h. 

This result indicates that certain bacteria in the tuna samples grow better at 27°C than at 

37°C. Similar to results obtained from incubation at 37°C, microbial growth was faster in 

flake than in loin and chunk samples. The total bacterial counts increased to greater than 

7 log CFU/g in albacore samples after 16 h and in skipjack samples after 24 h of holding 

at 27°C with a strong unpleasant odor, indicating product spoilage. After 36 h of 

incubation at 27°C, total plate counts in samples ranged from 8.3 to 9.6 log CFU/g. 

Growth of S. aureus counts and enterotoxin production in the tuna samples are shown 

in Tables 2.5 & 2.6. Similar to the observation at 37°C, S. aureus grew faster in albacore 

than in skipjack samples. Populations of S. aureus in albacore and skipjack samples 

increased by more than 3 log CFU/g after 10 and 12 h of incubation at 27°C, 

respectively. Comparing with 7 and 9 h required for the counts of S. aureus to increase by 

3 log CFU/g in albacore and skipjack samples incubated at 37°C, additional 3 h were 

needed to allow the same increase in both albacore and skipjack meat when incubated at 

27°C. 
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No enterotoxin was detected in any samples incubated with enterotoxin-producing S. 

aureus and incubated at 27°C for 16 h even the S. aureus counts had exceeded 7.0 log 

CFU/g in albacore samples and 6.4 log CFU/g in skipjack samples (Tables 2.5 & 2.6). 

Enterotoxin was detected in skipjack chunk after 36 h and in other samples after 24 h of 

incubation at 27°C. However, all samples were considered spoiled based on very 

unpleasant smell after 16 h of incubation at 27°C. 

2.5 Conclusions 

Pre-cooked tuna meat has the potential to be contaminated with enterotoxin-

producing S. aureus during the production of canned tuna products. This study 

demonstrates that both albacore and skipjack tuna meat can support growth of 

enterotoxin-producing S. aureus. However, it required at least 6 h of incubation at 37°C 

and 10 h of incubation at 27°C to allow the counts of S. aureus to increase by 3 log 

CFU/g in tuna meat. No enterotoxin was detected in samples incubated at 37°C for 12 h 

or at 27°C for 16 h. All samples became spoiled before enterotoxin was produced. 
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Figure 2.1 Temperature profiles of pre-cooked tuna samples incubated at 37°C.  
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Figure 2.2 Temperature profiles of pre-cooked tuna samples incubated at 27°C. 
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Figure 2.3 Total aerobic plate counts in albacore tuna samples incubated at 37°C. Counts with the same letter in the same type 
of column are not significantly different (P>0.05).  
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Figure 2.4 Total aerobic plate counts in skipjack tuna samples incubated at 37°C. Counts with the same letter in the same type 
of column are not significantly different (P>0.05).  
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Figure 2.5 Total aerobic counts of albacore tuna samples stored at 27°C. Counts with the same letter in the same type of 
column are not significantly different (P>0.05).  
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Figure 2.6 Total aerobic counts of skipjack tuna samples stored at 27°C. Counts with the same letter in the same type of 
column are not significantly different (P>0.05). 
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Table 2.1 Characteristics of albacore and skipjack tuna meat. 

 Albacore  Skipjack 

 Loin Chunk Flake 
 

Chunk Flake 

Moisture 
(wet base, %) 70.27 ± 0.01 a 68.09 ± 0.02 69.92 ± 0.01 

 
69.73 ± 0.00 69.05 ± 0.01 

Water activity 0.990 ± 0.001 0.991 ± 0.001 0.994 ± 0.002 
 

0.984 ± 0.002 0.988 ± 0.001 

NaCl (%) 0.0941 ± 0.0002 0.0591 ± 0.0001 0.0943 ± 0.0000 
 

0.5590 ± 0.0010 1.9107 ± 0.0004 

pH 6.09 ± 0.03 5.81 ± 0.03 6.39 ± 0.02 
 

5.60 ± 0.02 5.61 ± 0.11 

a
 Values reported as mean ± standard deviation (n = 3). 
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Table 2.2 Change of total bacterial counts (log CFU/g)a in uninoculated tuna samples incubated at 37 and 27°C. 

Temperature 
( °C) 

Time 
( h) 

Albacore  Skipjack 

Loin Chunk Flake  Chunk Flake 

37 

0 2.71 ± .38 A 3.73 ± .40 AB 4.84 ± .20 A  3.15 ± .43 A 3.75 ± .25 A 

2 2.54 ± .16 A (-0.17)b 3.44 ± .22 A (-0.29) 5.13 ± .10 A (0.29)  3.38 ± .33 AB (0.23) 3.87 ± .25 A (0.12) 

4 2.95 ± .00 AB (0.24) 3.87 ± .19 AB (0.14) 5.05 ± .27 A (0.21)  3.54 ± .28 AB (0.39) 3.58 ± .13 A (-0.17) 

6 3.53 ± .21 B (0.82) 4.03 ± .02 AB (0.30) 6.78 ± .40 B (1.94)  3.80 ± .02 AB (0.65) 4.52 ± .28 B (0.77) 

8 5.13 ± .41 C (2.42) 4.45 ± .53 B (0.72) 7.86 ± .13 C (3.02)  4.35 ± .56 B (1.20) 4.92 ± .21 B (1.17) 

27 

0 2.76 ± .33 AB 3.48 ± .30 A 4.33 ± .11 A  3.38 ± .29 A 3.95 ± .08 A 

2 2.26 ± .31 A (-0.50) 3.75 ± .30 A (0.27) 4.85 ± .08 AB (0.52)  3.51 ± .41 A (0.13) 3.83 ± .07 A (-0.12) 

4 2.32 ± .28 A (-0.44) 3.43 ± .60 A (-0.05) 4.73 ± .34 AB (0.40)  3.49 ± .19 A (0.11) 3.67 ± .22 A (-0.28) 

6 2.56 ± .24 AB (-0.20) 3.55 ± .57 A (0.07) 5.28 ± .18 B (0.95)  3.78 ± .26 A (0.40) 3.63 ± .21 A (-0.32) 

8 3.36 ± .39 B (0.60) 3.86 ± .48 A (0.38) 6.28 ± .23 C (1.95)  3.74 ± .39 A (0.36) 3.95 ± .14 A (0.00) 

a
 Mean ± standard deviation (n = 3). Data with the same letter in the same column of each trial are not significantly different (P>0.05). 
b
 Increase (log CFU/g) in total aerobic plate count. 
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Table 2.3 Growth of Staphylococcus aureus (log CFU/g)a and enterotoxin production in albacore tuna incubated at 37°C. 

a
 Mean ± standard deviation (n = 3). Data with the same letter in the same column of each trial are not significantly different (P>0.05). 
b
 Increase (log CFU/g) in S. aureus counts.  

Trial Time 
( h) 

Bacteria Counts  Enterotoxins 
Loin Chunk Flake  Loin Chunk Flake 

1 

0 2.34 ± .08 A 2.19 ± .13 A 3.93 ± .14 A   -  -  - 

6 4.61 ± .24 B (2.27)b 4.88 ± .04 B (2.69) 6.85 ± .11B (2.92)   -  -  - 

7 5.71 ± .40 C (3.37) 5.58 ± .19 C (3.39) 7.43 ± .26 C (3.50)   -  -  - 

8 6.42 ± .05 D (4.08) 6.19 ± .37 D (4.00) 8.18 ± .25 D (4.25)   -  -  - 

9 7.21 ± .21 E (4.87) 7.08 ± .17 E (4.89) 8.41 ± .09 DE (4.48)   -  -  - 

10 7.47 ± .40 E (5.13) 7.48 ± .09 E (5.29) 8.52 ± .17 DE (4.59)   -  -  - 

36 8.52 ± .10 F (6.18) 8.68 ± .13 F (6.49) 8.85 ± .05 E (4.92)  SEA, SEB, SED SEA, SEB, SED SEB, SED 

2 

0 2.35 ± .03 A 2.55 ± .15 A 3.36 ± .07 A  - - - 

6 4.90± .10 B (2.55) 4.74 ± .21 B (2.19) 6.89 ± .22 B (3.53)  - - - 

8 6.12 ± .14 C (3.77) 5.68 ± .06 C (3.13) 7.89 ± .08 C (4.53)  - - - 

10 7.26 ± .29 D (4.91) 6.96 ± .03 D (4.41) 8.39 ± .11 D (5.03)  - - - 

12 7.57 ± .07 D (5.22) 7.60 ± .11 E (5.05) 8.57 ± .19 DE (5.21)  - - - 

24 8.43 ± .12 E (6.08) 8.60± .11 F (6.05) 8.99 ± .14 E (5.63)  SEB, SED SEA, SEB, SED - 

36 8.69 ± .12 E (6.34) 8.76 ± .08 F (6.21) 8.88 ± .16 E (5.52)  SEA, SEB, SED SEA, SEB, SED SEB, SED 
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Table 2.4 Growth of Staphylococcus aureus (log CFU/g)a and enterotoxin production in skipjack tuna incubated at 37°C. 

a
 Mean ± standard deviation (n = 3). Data with the same letter in the same column of each trial are not significantly different (P>0.05). 
b
 Increase (log CFU/g) in S. aureus counts. 

Trial Time 
( h) 

Bacteria Counts  Enterotoxins 

Chunk Flake   Chunk Flake  

1 

0 2.54 ± .13 A 2.68 ± .15 A  - - 

6 4.49 ± .29 B (1.95)b 4.51 ± .16 B (1.83)  - - 

7 5.12 ± .13 C (2.58) 4.71 ± .27 B (2.03)  - - 

8 5.35 ± .23 CD (2.81) 5.18 ± .27 B (2.50)  - - 

9 5.69 ± .18 D (3.15) 5.91 ± .45 C (3.23)  - - 

10 6.36 ± .17 E (3.82) 6.65 ± .14 D (3.97)  - - 

36 8.76 ± .08 F (6.22) 9.11 ± .11 E (6.43)  SEA, SEB, SED SEA, SEB, SED 

2 

0 2.37 ± .10 A 2.63 ± .18 A  - - 

6 4.04 ± .20 B (1.67) 4.27 ± .14 B (1.64)  - - 

8 5.49 ± .13 C (3.12) 5.45± .13 C (2.82)  - - 

10 6.56 ± .12 D (4.19) 6.40 ± .15 D (3.77)  - - 

12 7.22 ± .09 E (4.85) 7.12 ± .36 E (4.49)  - - 

24 8.42 ± .13 F (6.05) 8.61 ± .03 F (5.98)  SEB, SED SEA, SEB, SED 

36 8.77 ± .07 F (6.40) 9.20 ± .09 G (6.57)  SEA, SEB, SED SEA, SEB, SED 
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Table 2.5 Growth of Staphylococcus aureus (log CFU/g)a and enterotoxin production in albacore tuna incubated at 27°C. 

a Mean ± standard deviation (n = 3). Data with the same letter in the same column of each trial are not significantly different (P>0.05). 

b Increase (log CFU/g) in S. aureus counts.  

Trial Time 
( h) 

Bacteria Counts  Enterotoxins 

Loin Chunk  Flake  Loin Chunk Flake  

1 

0 2.47 ± .11 A 2.43 ± .03 A 3.57 ± .05 A   -  -  - 

8 4.39 ± .22 B (1.92)b 3.77 ± .39 B (1.34) 5.30 ± .12 B (1.73)   -  -  - 

10 4.98 ± .28 B (2.51) 5.48 ± .83 C (3.05) 6.56 ± .36 C (2.99)   -  -  - 

12 6.32 ± .53 C (3.85) 5.83 ± .25 C (3.40) 7.39 ± .22 D (3.82)   -  -  - 

14 6.51 ± .35 C (4.04) 6.30 ± .68 CD (3.87) 7.40 ± .15 D (3.83)   -  -  - 

16 7.36 ± .21 D (4.89) 7.50 ± .12 DE (5.07) 7.95 ± .08 E (4.38)   -  -  - 

24 8.19 ± .18 E (5.72) 8.02 ± .23 E (5.59) 8.26 ± .16 EF (4.69)  SED  - SED 

36 8.64 ± .25 E (6.17) 8.34 ± .28 E (5.91) 8.49 ± .09 F (4.92)  SEA, SED SED SED 

2 

0 2.43 ± .04 A 2.48 ± .03 A 3.51 ± .07 A   -  -  - 

8 3.88 ± .31 B (1.45) 4.15 ± .31 B (1.67) 5.38 ± .23 B (1.87)   -  -  - 

10 4.87 ± .23 C (2.44) 5.75 ± .26 C (3.27) 6.52 ± .45 C (3.01)   -  -  - 

12 5.68 ± .44 D (3.25) 5.98 ± .31 C (3.50) 6.95 ± .10 CD (3.44)   -  -  - 

14 6.57 ± .13 E (4.14) 7.31 ± .09 D (4.83) 7.51 ± .12 DE (4.00)   -  -  - 

16 6.96 ± .27 E (4.53) 7.94 ± .56 DE (5.46) 7.97 ± .20 EF (4.46)   -  -  - 

24 8.06 ± .24 F (5.63) 8.35 ± .17 EF (5.87) 8.22 ± .06 FG (4.71)  SED SED SED 

36 8.57 ± .14 F (6.14) 8.88 ± .10 F (6.40) 8.67 ± .07 G (5.16)  SEA, SED SEA, SED SEA, SED 
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Table 2.6 Growth of Staphylococcus aureus (log CFU/g)a and enterotoxin production in skipjack tuna incubated at 27°C. 

a Mean ± standard deviation (n = 3). Data with the same letter in the same column of each trial are not significantly different (P>0.05). 

b Increase (log CFU/g) in S. aureus counts. 

Trial Time 
( h) 

Bacteria Counts  Enterotoxins 

Chunk Flake   Chunk Flake  

1 

0 2.33 ± .04 A 2.51 ± .10 A   -  - 

8 3.19 ± .51 AB (0.86)b 3.91 ± .21 B (1.40)   -  - 

10 3.91 ± .51 BC (1.58) 4.71 ± .28 C (2.20)   -  - 

12 4.73 ± .32 C (2.40) 5.73 ± .16 D (3.22)   -  - 

14 5.93 ± .08 D (3.60) 6.23 ± .16 D (3.72)   -  - 

16 6.45 ± .29 DE (4.12) 6.92 ± .28 E (4.41)   -  - 

24 7.20 ± .31 EF (4.87) 8.03 ± .04 F (5.52)   - SED 

36 7.96 ± .22 F (5.63) 8.71 ± .06 G (6.20)  SED SEA, SEB, SED 

2 

0 2.47 ± .07 A 2.61 ± .12 A   -  - 

8 3.69 ± .02 B (1.22) 3.80 ± .13 B (1.19)   -  - 

10 3.99 ± .89 B (1.52) 4.70 ± .06 C (2.09)   -  - 

12 4.51 ± .25 B (2.04) 5.16 ± .07 D (2.55)   -  - 

14 5.66 ± .29 C (3.19) 6.27 ± .22 E (3.66)   -  - 

16 6.41 ± .02 CD (3.94) 6.95 ± .26 F (4.34)   -  - 

24 7.32 ± .08 DE (4.85) 8.07 ± .08 G (5.46)   - SED 

36 8.07 ± .29 E (5.60) 8.53 ± .12 H (5.92)  SED SEA, SED 
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3.1    Abstract 

This study investigated survival of Staphylococcus aureus in pre-cooked tuna meat 

during frozen storage (-20±2°C) as well as its growth and enterotoxin production at 

35-37°C after the storage. Samples (50±5 g) of pre-cooked albacore (loin, chunk and 

flake) and skipjack (chunk and flake) tuna were inoculated with five enterotoxin-

producing strains of S. aureus at a level of approximately 3.5 log CFU/g and individually 

packed in a vacuum bag after 3 h incubation at 35-37°C. Vacuum packed samples were 

stored in a freezer (-20±2°C) for 4 weeks, then thawed in 37°C circulating water for 2 h, 

and incubated at 35-37°C for 22 h. Populations of S. aureus in all pre-cooked tuna 

samples decreased slightly (<0.7 log CFU/g) after 4 weeks of storage at -20±2°C, but 

increased rapidly once the samples were thawed and held at 37°C. Total S. aureus counts 

in albacore and skipjack samples increased by greater than 3 log CFU/g after 6 and 8 h of 

exposure to 37°C, respectively. However, no enterotoxin was detected in any samples 

after 10 h exposure to 37°C. 

 

 

Keywords: Staphylococcus aureus, enterotoxin, pre-cooked tuna, frozen storage, seafood 

safety  
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3.2    Introduction 

Staphylococcus aureus is a common foodborne pathogen. A recent estimate of 

foodborne illness episodes caused by 31 pathogens placed S. aureus as the fifth most 

frequent cause, after norovirus, Salmonella species, Clostridium perfringens, and 

Campylobacter (FDA, 2012). During 1998–2008, the United States Center of Disease 

Control and Prevention (CDC) received reports of 13,405 foodborne disease outbreaks, 

resulting in 273,120 illnesses, 9,109 hospitalizations, and 200 deaths (Gould et al., 2013). 

Among them, staphylococcal enterotoxin was associated with 458 outbreaks (6,795 

illnesses) and 16 outbreaks (59 illnesses) were caused by fish and shellfish consumption. 

Tuna is a significant source of food that is widely consumed around the world. Every 

year, approximately 4.2 million tons of tuna are caught all over the world (Hamilton et 

al., 2011). In recent years, about 1 billion pounds of canned and pouched tuna are 

consumed annually around the world (National Fisheries Institute, 2013). 

The U.S. is the second largest canned tuna market after Europe and the largest 

contemporary tuna caning industry in the world (Hamilton et al., 2011). The production 

of canned tuna usually includes freezing of tuna upon catch, delivering the frozen tuna to 

the processing plant, thawing, butchering, pre-cooking, cleaning, can filling, sealing, 

thermal processing, labeling and shipping (National Fisheries Institute, 2013). According 

to the U.S. Food and Drug Administration Fish and Fishery Products Hazards and 

Controls Guidance (4th edition) (FDA, 2011), when significant manual handling occurs 

after cooking, there is the potential that fish and its products may become recontaminated 

with pathogens, including Staphylococcus aureus. In this case, pre-cooked tuna meat is 
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likely to be contaminated with S. aureus during the cleaning step to get rid of skin, bone 

and intestines. 

At present, many tuna canneries in the U.S. use frozen, pre-cooked tuna loins 

(vacuum packed) provided by suppliers for the production of canned products to simplify 

the process (Campbell, 2006; Hamilton et al., 2011). This means that pre-cooked tuna 

loins may be frozen for more than 3 months before being delivered to tuna canneries. The 

frozen pre-cooked tuna loins are then thawed in 37°C circulating water or temperature-

controlled air (<20°C) for further processing (Personal Communication). 

It’s known that certain bacteria can survive in food products during frozen storage. 

Ben-Giglrey et al. (1998) studied the survival of aerobic mesophiles in white muscle of 

albacore and reported survival rates of 38.9 and 92.1% after 9 months of storage at -18 

and -25°C, respectively. A survival study of S. aureus in ground beef reported that 

populations of S. aureus decreased slightly by 0.24, 1.05, and 2.02 log CFU/g, 

respectively, after 1, 4 and 7 weeks of storage at -27˚C (Erkmen, 1997). These data 

indicated that S. aureus might survive in pre-cooked tuna loin during frozen storage if 

contamination occurred during the manual handling to remove skin, bone and intestines 

after pre-cooking. No study has been conducted to determine the survival rate of S. 

aureus in pre-cooked tuna meat during frozen storage. 

This study investigated the survival of S. aureus in pre-cooked tuna meat stored at -

20±2°C and its ability to grow and produce enterotoxins in the pre-cooked tuna meat at 

37˚C, the optimal temperature for S. aureus to grow and produce enterotoxins (FDA, 
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2012; Notermans and Heuvelman, 1983; Vandenbosch et al., 1973), after 4-week frozen 

storage. 

3.3    Materials and Methods 

3.3.1  Microorganisms 

Three clinical S. aureus strains (N-5018, ATCC 13566 and ATCC 25923) producing 

both enterotoxins A (SEA) and B (SEB) and two S. aureus strains (N-5014 and ATCC 

13565) producing both SEA and enterotoxin D (SED) were used in this study. Each strain 

was individually grown in 10 mL tryptic soy broth (TSB, Bacto, Becton Dickson, Spark, 

MD) at 35-37°C for 20-24 h and then 10 µL transferred into 10 mL fresh TSB for another 

incubation at 35-37°C for 12-16 h. The enriched TSB cultures of the five strains were 

pooled into a sterile centrifuge tube and cells were harvested by centrifugation (3,000 × g, 

Beckman J6-MI, Beckman Coulter, Brea, CA) at 5±1°C for 15 min. The cell pellet was 

re-suspended in 50 mL sterile phosphate-buffered saline to produce a multi-strain 

cocktail suspension. 

3.3.2  Sample preparation  

Frozen pre-cooked albacore (loin, chunk, and flake) and skipjack (chunk and flake) 

tuna samples were obtained from a commercial canned tuna producer. All the samples 

were cut into pieces of 50±5 g (5.0 cm x 5.0 cm x 2.5 cm) under sanitary conditions, 

individually sealed in a vacuum plastic bag, and stored in a -80°C freezer until use. 

Frozen tuna samples were thawed overnight in a refrigerator (5-7°C) and then 

inoculated with the S. aureus culture cocktail suspension at 5 spots on the surface (20 

µL/spot) to yield an inoculation level of about 3.5 log CFU/g in each sample. Inoculated 
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samples were held in a biological safety cabinet for about 5 min to allow the absorption 

of the inoculum into the tuna samples. All samples were placed individually in sterile 400 

mL plastic containers (Gosselin North America, Tewksbury, MA) with loosely covered 

lids and held at 35-37°C for 3 h to mimic the exposure of tuna fish to elevated 

temperatures during the cleaning step after pre-cooking and before freezing. Then 

samples were individually packed in vacuum plastic bags and stored at -20±2°C for 4 

weeks. All frozen samples were thawed in 37°C circulating water for 2 h to bring the 

center temperature to 36°C. Thawed samples were then transferred from vacuum bags 

into individual plastic containers with loosely covered lids and incubated at 35-37°C for 

22 h. 

3.3.3  Microbial analysis and enterotoxin detection 

Inoculated tuna samples were analyzed for total aerobic and S. aureus counts 

immediately after inoculation and 3 h of holding at 35-37°C before frozen storage 

(-20±2°C). The analyses were also conducted for samples after 4-week frozen storage 

before thawing and every 2 h during the exposure at 37°C, including 2 h of thawing in 

37°C circulating water, for up to 24 h. Each sample was mixed with 9-volume sterile 

phosphate buffer and stomached at 275 rpm for 30 s (Brinkmann, Northbrook, IL) for 

analysis. Total aerobic counts were determined by the pour plate method using trypticase 

soy agar (TSA, BBL, Becton Dickson, Spark, MD) plates incubated at 35-37°C for 48 h. 

S. aureus counts were determined by the surface plating method on Baird-Parker (EMD 

Millipore, Gibbstown, NJ) plates containing 5% egg-yolk tellurite emulsion (Difco, 

Becton Dickson, Spark, MD) and incubated at 35-37°C for 48 h. Typical S. aureus 
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colonies formed on the Baird-Parker plates were confirmed by the coagulase test 

(Coagulase Plasmas Rabbit with EDTA, BBL, Becton Dickson, Spark, MD). The 

bacterial counts were analyzed in triplicate and results were reported as the mean of three 

determinations ± standard deviation. For enterotoxin detection, the homogenized sample 

suspensions incubated at 37°C for 10 to 24 h were centrifuged at 5000 × g (Sorvall 

Biofuge Fresco, Newtown, CT) at 5±1°C for 10 min. Presences of enterotoxins A-D in 

the supernatant were detected using SET-RPLA Staphylococcal Enterotoxin Test Kit 

(Thermo Scientific TD0900A, Sunnyvale, CA) with a detection limit of 0.5 ng/mL. All 

studies were replicated. 

3.3.4  Statistical analysis 

Bacterial counts obtained at different stages of storage and incubation were 

expressed as log values and analyzed with One-Way ANOVA and Tukey-Kramer 

multiple-comparisons Test using the R program (R foundation, Vienna). Significant 

differences among the bacterial counts at different times were established at p<0.05. 

3.4    Results and Discussion 

3.4.1  Changes of total bacterial and S. aureus counts in pre-cooked 

tuna meat during frozen storage 

Changes of total plate counts in pre-cooked tuna meat before and after 4-week frozen 

storage at -20±2°C are reported in Table 3.1. The initial total bacterial counts in all 

samples ranged from 3.46 to 3.99 log CFU/g with the highest count being observed in 

albacore flake samples. All the bacterial counts increased slightly, though not 
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significantly (p>0.05) except for albacore chuck in one study, after 3 h of incubation at 

35-37°C. Greater increases were observed in albacore loin (0.34 – 0.55 log CFU/g), than 

in other samples. For S. aureus, the initial counts in samples ranged from 3.44 to 3.62 log 

CFU/g (Table 3.2). Significant increases of S. aureus counts were observed after 3 h 

incubation at 35-37°C in albacore chunk (0.45 – 0.46 log CFU/g) samples in both trials as 

well as in albacore loin (0.68 log CFU/g), albacore flake (0.46 log CFU/g) and skipjack 

flake (0.29 log CFU/g) samples in one study. No significant increase of S. aureus counts 

in skipjack chunk (0.07 – 0.10 log CFU/g) samples was observed after 3-h incubation at 

35-37°C. These results indicate that a 3-h exposure of pre-cooked tuna meat 

contaminated with S. aureus at levels around 3.5 log CFU/g at 35-37°C allows S. aureus 

to multiply in albacore (loin, chunk and flake) and skipjack flake samples. However, the 

increases in S. aureus populations in these samples were less than 0.7 log CFU/g. 

Keeping pre-cooked tuna meat at -20±2°C for 4 weeks resulted in little or no 

reduction of total bacterial counts in samples (Table 3.1). The total plate counts dropped 

slightly in albacore loin (0.20 - 0.46 log CFU/g), albacore chunk (0.01 – 0.57 log CFU/g), 

and skipjack flake (0.20 – 0.22 log CFU/g) samples after the frozen storage. In skipjack 

chunk samples, a 0.38-log CFU/g reduction was observed in one study, while a 0.11-log 

CFU/g increase was observed in the other study after the frozen storage. This is probably 

due to certain samples containing higher initial total bacterial counts than others. Almost 

no change in total bacteria counts was observed in albacore flake (0.01 – 0.04 log CFU/g) 

samples. Overall, no significant reduction of the total bacterial counts was observed in 
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pre-cooked tuna meat, except for albacore and skipjack chuck samples in one study, after 

4-week frozen storage at -20±2°C. 

The populations of S. aureus counts in all samples after 4 weeks of frozen storage 

decreased slightly but not significantly except in one study of albacore loin and chunk 

samples (Table 3.2). The reductions were 0.51 – 0.60 log CFU/g in albacore loin, 0.42 – 

0.54 log CFU/g in albacore chuck, and 0.08 – 0.16 log CFU/g in albacore flake. In 

skipjack chunk and flake samples, S. aureus counts decreased by 0.23 – 0.35 and 0.12 – 

0.17 log CFU/g, respectively. These results demonstrate that S. aureus can survive in pre-

cooked albacore and skipjack meat stored at -20±2°C for 4 weeks with a less than 0.6 log 

CFU/g reduction of total cell counts. Therefore, there is a potential that S. aureus may 

begin to multiply in pre-cooked tuna meat after the frozen loin is thawed for canning. 

3.4.2  Growth of S. aureus and enterotoxin production in pre-cooked 

tuna samples at 35-37°C after 4-week frozen storage 

Changes of total bacteria counts in pre-cooked tuna meat during thawing followed by 

incubation at 35-37°C are shown in Table 3.3. No significant increase of total plate 

counts in any of the five tuna samples was observed during 2-h thawing process in 37°C 

circulating water to bring the temperature in the center of tuna samples to 36°C. 

However, total bacteria counts increased rapidly after the thawed samples were 

transferred into sterile cups with lids loosely covered and held at 35-37°C. Total plate 

counts in albacore samples increased by greater than 3.0 log CFU/g after 6 h exposure to 

35-37°C (including 2-h thawing). In skipjack chunk and flake samples, greater than 3.0 

log CFU/g increases were observed after 10 and 8 h of exposure to 35-37°C, respectively. 
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These results indicate that bacteria grew faster in pre-cooked albacore meat than in 

pre-cooked skipjack meat.  

Similarly, S. aureus grew faster in pre-cooked albacore meat than in pre-cooked 

skipjack meat. Populations of S. aureus in albacore samples increased by greater than 3.0 

log CFU/g after 6 h of exposure to 35-37°C (Table 3.4). However, greater than 3.0 log 

CFU/g increases in skipjack samples were not observed until after 8-h exposure to 

35-37°C. This may be due to higher salt contents in skipjack (0.5 - 2.0%) than in albacore 

(<0.1%) tuna samples, which impeded growth of S. aureus (unpublished results). 

No enterotoxin was detected in any samples after 10 h of exposure to 35-37°C (Table 

3.5), although S. aureus counts had increased to at least 8.13 log CFU/g in albacore 

samples, 6.83 log CFU/g in skipjack chunk, and 8.04 log CFU/g in skipjack flake (Table 

3.4). Enterotoxins A and D were detected in albacore loin samples after 12 h of exposure 

to 35-37°C (Table 3.5). All samples were found to contain enterotoxins after 24-h 

exposure to 35-37°C. These results indicate that detectable amounts of enterotoxins were 

not produced in samples until S. aureus counts exceeded 8.31, 8.71, 8.86, 7.54 and 8.30 

log CFU/g in albacore loin, chunk, flake, and skipjack chunk and flake samples, 

respectively (Table 3.4). 

3.5    Conclusions 

Frozen storage at -20±2°C for 4 weeks slightly reduced populations of S. aureus in 

pre-cooked albacore and skipjack tuna meat. Once the frozen tuna samples were thawed, 

S. aureus multiplied rapidly at 35-37°C and increased total populations by greater than 

3.0 log CFU/g after less than 6 and 8 h in pre-cooked albacore and skipjack tuna samples, 
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respectively. However, no enterotoxin was detected in any samples after 10 h of exposure 

to 35-37°C. 
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Table 3.1 Change of total plate counts (log CFU/g) in pre-cooked tuna meat after 3-h incubation at 37°C and 4-week storage 
at -20±2°C. 
 

Trial Time 
Albacore 

 
Skipjack 

Loin Chunk Flake  Chunk Flake 

1 

0h 3.46 ±.06 Ac 3.68 ±.14 A 3.96 ±.09 A  3.63 ±.10 AB 3.60 ±.11 A 

3ha 3.80 ±.07 A 3.69 ±.19 A 4.25 ±.04 A  3.72 ±.03 A 3.86 ±.07 A 

4wkb 3.60 ±.22 A 3.68 ±.28 A 4.29 ±.27 A  3.34 ±.19 B 3.64 ±.18 A 

2 

0h 3.51 ±.11 A 3.62 ±.06 A 3.99 ±.21 A  3.75 ±.20 A 3.73 ±.24 A 

3h 4.06 ±.61 A 3.98 ±.06 B 4.07 ±.09 A  3.76 ±.23 A 3.81 ±.08 A 

4wk 3.60 ±.20 A 3.41 ±.08 C 4.08 ±.29 A  3.87 ±.35 A 3.61 ±.26 A 

 

a Inoculated samples were kept at 35-37°C for 3 h before being vacuum packed and stored at -20±2°C. 
b Frozen samples were tested before thawing after 4-week storage at -20±2°C. 
c
 Values reported as mean ± standard deviation (n=3). Data with the same letter in the same column of each trial are not significantly 

different (P>0.05).   
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Table 3.2 Change of Staphylococcus aureus counts (log CFU/g) in pre-cooked tuna meat after 3-h incubation at 37°C and 4-week 
storage at -20±2°C. 
 

Trial Time 
Albacore 

 
Skipjack 

Loin Chunk Flake 
 

Chunk Flake 

1 
0h 3.44 ±.05 Ac 3.48 ±.11 A 3.62 ±.09 A 

 
3.57 ±.01 A 3.44 ±.07 A 

3ha 4.12 ±.02 B 3.93 ±.15 B 4.08 ±.08 B 
 

3.64 ±.20 A 3.68 ±.18 A 

4wkb 3.52 ±.28 A 3.51 ±.23 AB 3.92 ±.21 AB 
 

3.29 ±.24 A 3.51 ±.09 A 

2 
0h 3.55 ±.16 A 3.54 ±.13 A 3.60 ±.06 A 

 
3.55 ±.16 A 3.51 ±.11 A 

3h 4.04 ±.20 A 3.90 ±.08 B 3.82 ±.05 A 
 

3.65 ±.05 A 3.80 ±.04 B 

4wk 3.53 ±.30 A 3.36 ±.03 A 3.74 ±.22 A 
 

3.42 ±.08 A 3.68 ±.01 B 

 

a Inoculated samples were kept at 35-37°C for 3 h before being vacuum packed and stored at -20±2°C. 
b Frozen samples were tested before thawing after 4-week storage at -20±2°C. 
c
 Values reported as mean ± standard deviation (n=3). Data with the same letter in the same column of each trial are not significantly 
different (P>0.05).   
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Table 3.3 Change of total plate counts (log CFU/g) in pre-cooked tuna meat thawed and incubated at 35-37°C. 

Trial Time (h) 
Albacore  Skipjack 

Loin Chunk Flake  Chunk Flake 

1 

0a 3.60 ±.22 Ac 3.68 ±.28 A 4.29 ±.27 A  3.34 ±.19 A 3.64 ±.18 A 
2b 3.71 ±.37 A (.10)d 3.84 ±.18 A (.16) 4.81 ±.24 A (.52)  3.58 ±.13 AB (.24) 3.84 ±.10 A (.20) 
4 4.37 ±.59 A (.77) 5.31 ±.66 B (1.63) 6.26 ±.40 B (1.97)  4.01 ±.04 B (.67) 4.51 ±.35 B (.87) 
6 6.79 ±.21 B (3.19) 6.81 ±.53 C (3.13) 7.49 ±.01 C (3.20)  4.79 ±.04 C (1.45) 6.15 ±.13 C (2.51) 
8 7.50 ±.20 BC (3.90) 7.60 ±.32 CD (3.92) 8.39 ±.01 D (4.10)  6.12 ±.44 D (2.78) 7.35 ±.09 D (3.71) 
10 8.11 ±.41 C (4.51) 8.44 ±.15 DE (4.76) 8.93 ±.05 DE (4.64)  6.67 ±.15 DE (3.33) 8.02 ±.08 E (4.38) 
12 8.45 ±.26 C (4.85) 8.49 ±.19 DE (4.81) 9.02 ±.11 E (4.73)  7.29 ±.35 E (3.95) 8.08 ±.31 E (4.44) 
24 8.53 ±.14 C (4.93) 8.97 ±.11 E (5.29) 9.23 ±.06 E (4.94)  9.48 ±.04 F (6.14) 9.65 ±.01 F (6.01) 

2 

0 3.60 ±.20 A 3.41 ±.08 A 4.08 ±.29 A  3.87 ±.35 A 3.61 ±.26 A 

2 4.09 ±.49 A (.49) 3.71 ±.29 A (.29) 4.71 ±.46 A (.63)  3.45 ±.25 A (-.42) 3.74 ±.12 A (.13) 

4 5.31 ±.13 B (1.71) 5.41 ±.26 B (2.00) 6.22 ±.53 B (2.14)  3.91 ±.09 A (.04) 4.56 ±.20 B (.95) 

6 7.10 ±.48 C (3.50) 6.96 ±.41 C (3.55) 7.76 ±.19 C (3.68)  4.31 ±.40 A (.44) 6.02 ±.05 C (2.41) 

8 7.97 ±.06 D (4.37) 7.85 ±.39 D (4.44) 8.56 ±.16 CD (4.48)  5.67 ±.15 B (1.80) 7.34 ±.20 D (3.73) 

10 8.25 ±.02 D (4.65) 8.05 ±.19 D (4.64) 8.70 ±.07 D (4.62)  6.62 ±.51 BC (2.75) 7.91 ±.15 E (4.30) 

12 8.60 ±.23 D (5.00) 8.59 ±.15 DE (5.18) 8.85 ±.02 D (4.77)  7.20 ±.46 C (3.33) 8.15 ±.13 E (4.54) 

24 8.72 ±.04 D (5.12) 9.04 ±.09 E (5.63) 8.89 ±.00 D (4.81)  8.75 ±.09 D (4.88) 8.72 ±.19 F (5.11) 
a
 Bacterial counts in samples after 4-week storage at -20±2°C. 
b
 Frozen samples were thawed in 37°C running water for 2 h and then held at 35-37°C. 
c
 Values reported as mean ± standard deviation (n=3). Data with the same letter in the same column of each trial are not significantly 

different (P>0.05). 
d Increase (log CFU/g) in bacterial counts.  
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Table 3.4 Change of Staphylococcus aureus counts (log CFU/g) in cooked tuna meat thawed and incubated at 35-37°C. 

Trial Time (h) 
Albacore  Skipjack 

Loin Chunk Flake  Chunk Flake 

1 

0a 3.52 ±.28 Ac 3.51 ±.23 A 3.92 ±.21 A  3.29 ±.24 A 3.51 ±.09 A 
2b 3.70 ±.31 A (.18)d 3.84 ±.09 A (.33) 4.67 ±.20 B (.75)  3.49 ±.14 A (.20) 3.94 ±.20 A (.43) 
4 4.40 ±.59 A (.88) 5.37 ±.74 B (1.86) 6.15 ±.48 C (2.23)  4.35 ±.17 B (1.06) 4.64 ±.32 B (1.13) 
6 6.77 ±.32 B (3.25) 6.93 ±.42 C (3.42) 7.48 ±.03 D (3.56)  5.14 ±.04 C (1.85) 6.33 ±.09 C (2.82) 
8 7.59 ±.21 BC (4.07) 7.88 ±.45 CD (4.37) 8.31 ±.00 E (4.39)  6.34 ±.34 D (3.05) 7.59 ±.10 D (4.08) 
10 8.13 ±.27 CD (4.61) 8.75 ±.01 D (5.24) 8.58 ±.13 E (4.66)  6.83 ±.24 D (3.54) 8.19 ±.12 E (4.68) 
12 8.55 ±.20 D (5.03) 8.62 ±.27 D (5.11) 8.86 ±.05 E (4.94)  7.54 ±.41 E (4.25) 8.26 ±.16 E (4.75) 
24 8.75 ±.03 D (5.23) 8.90 ±.17 D (5.39) 8.81 ±.05 E (4.89)  9.86 ±.03 F (6.57) 9.97 ±.08 F (6.46) 

2 

0 3.53 ±.30 A 3.36 ±.03 A 3.74 ±.22 A  3.42 ±.08 A 3.68 ±.01 A 

2 4.14 ±.40 A (.61) 4.01 ±.54 A (.65) 4.60 ±.32 B (.87)  3.35 ±.17 A (-.07) 3.82 ±.11 A (.14) 

4 5.36 ±.05 B (1.83) 5.79 ±.24 B (2.43) 6.14 ±.55 C (2.40)  3.92 ±.19 AB (.50) 4.69 ±.27 B (1.01) 

6 7.08 ±.46 C (3.55) 7.07 ±.42 C (3.71) 7.63 ±.05 D (3.89)  4.42 ±.60 B (1.00) 6.26 ±.20 C (2.58) 

8 7.82 ±.15 CD (4.29) 7.78 ±.49 CD (4.42) 8.11 ±.15 DE (4.38)  6.23 ±.18 C (2.81) 7.60 ±.14 D (3.92) 

10 8.31 ±.12 DE (4.78) 8.29 ±.20 DE (4.93) 8.41 ±.12 E (4.67)  6.84 ±.44 CD (3.42) 8.04 ±.04 DE (4.36) 

12 8.65 ±.15 E (5.12) 8.71 ±.21 DE (5.35) 8.61 ±.19 E (4.87)  7.34 ±.41 D (3.92) 8.30 ±.20 E (4.62) 

24 8.85 ±.12 E (5.32) 9.04 ±.06 E (5.68) 8.70 ±.12 E (4.96)  9.03 ±.21 E (5.61) 9.02 ±.19 F (5.34) 
a
 Bacterial counts in samples after 4-week storage at -20±2°C. 
b
 Frozen samples were thawed in 37°C running water for 2 h and then held at 35-37°C. 
c
 Values reported as mean ± standard deviation (n=3). Data with the same letter in the same column of each trial are not significantly 

different (P>0.05). 
d Increase (log CFU/g) in  bacterial counts. 
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Table 3.5 Enterotoxin production in pre-cooked tuna meat inoculated with S. aureus and incubated at 35-37°C after 4 weeks of 
frozen storage at -20±2°C. 
 

Trial Time (h) 
Albacore  Skipjack 

Loin Chunk Flake  Chunk Flake 

1 
10 - - -  - - 
12 SEA, SED - -  - - 
24 SEA, SEB, SED SEA, SEB SEA  SEA, SED SEA, SEB, SED 

2 
10 - - -  - - 
12 SEA, SED - -  - - 
24 SEA, SEB, SED SEA, SEB SEA  SEA, SED SEA, SEB, SED 
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Chapter 4  

 
 
Thermal Inactivation of Staphylococcal Enterotoxins in Pre-cooked 

Tuna Meat 
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4.1 Abstract 

This study investigated the heat resistances of staphylococcal enterotoxins A (SEA), 

B (SEB), and D (SED) in pre-cooked tuna meat. Highly purified SEA, SEB, and SED 

were inoculated in pre-cooked albacore and skipjack tuna meat at levels of 500 ng/g, 250 

ng/g, 125 ng/g, and 50 ng/g, and then thermally processed at 121°C for 15 min, or at 

111°C for 30, 40, or 60 min. SED was found more resistant than SEA and SEB to 

thermal processes in pre-cooked tuna meat. When tuna samples were inoculated with 

SEA, SEB and SED at levels of 500 ng/g, a process at 121°C for 15 min inactivated SEA 

and SEB in all tuna samples and SED in albacore chunk and skipjack chunk but not in 

albacore loin, flake or skipjack flake samples. However, a process at 111°C for 60 min 

inactivated all SEs in five types of tuna samples at levels of 500 ng/g. SEA, SEB and 

SED produced by five enterotoxigenic Staphylococcus aureus strains inoculated to pre-

cooked tuna samples after the samples were incubated at 37°C for 36 h were destroyed 

after a process of 121°C for 15 min or 111°C for 40 min. 

 

 

Keywords: Staphylococcal enterotoxins, thermal inactivation, pre-cooked tuna, seafood 

safety  
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4.2 Introduction 

Canned tuna is a good source of nutrients like proteins and omega-3 polyunsaturated 

fatty acids (USDA, 2013), which brings consumers health benefits, including coronary 

heart health improvement, stroke prevention, plus improvement of nervous, 

photoreception, and reproductive systems (Sidhu, 2003). These properties render canned 

tuna a popular product around the world. In the U.S., 1.18 kg (2.6 pounds) of canned tuna 

was consumed per capita in 2011, out of 1.72 kg (3.8 pounds) canned seafood products 

consumed per person (National Marine Fisheries Service, 2012a).  

Fish and fishery products may become recontaminated with pathogens, whose 

reservoir includes human, when significant manual handling occurs after cooking 

(Bergdoll and Wong, 2006; FDA, 2011). Canned tuna is produced from thawed frozen 

tuna fish captured on the sea, pre-cooking, manual cleaning, filling, can sealing, and 

thermal processing. Therefore, there is a potential that workers introduce Staphylococcus 

aureus into pre-cooked tuna meat during cleaning process to remove skin, bone and 

intestines. 

Several staphylococcal species, including both coagulase-negative and coagulase-

positive strains (primarily S. aureus), are capable of producing staphylococcal 

enterotoxins that cause gastroenteritis in humans (FDA, 2012; Su and Lee Wong, 1997). 

Staphylococcal enterotoxins (SEs), a family of five major serological types (SEA through 

SEE) and recently characterized serological types (SEG through SEJ), are single-chain 

proteins with molecular weights of 26, 000 to 29,000, which function as gastrointestinal 

toxins as well as superantigens with the ability of stimulating an elevated level of T-cells 



!

!

72!

(Balaban and Rasooly, 2000). The amount of enterotoxins required to cause food 

poisoning in humans varies among individuals and is difficult to determine. From a 

staphylococcal gastroenteritis outbreak among school children associated with chocolate 

milk consumption, it was estimated that less than 184 ng SEA in the milk could result in 

illness of school children (Bergdoll and Wong, 2006; Evenson et al., 1988). For adults, it 

was reported that less than 1µg enterotoxin may cause illness in sensitive individuals 

(Gilbert, 1974).  

Staphylococcal enterotoxins are resistant to proteolytic enzymes, such as trypsin and 

pepsin (FDA, 2012). They are also relatively heat resistant, with D121°C values (decimal 

reduction time at 121°C for 90% inactivation) ranging from 8.3 to 34.0 min (Bhatia and 

Zahoor, 2007). The heat stability of SEs seems to be dependent on the type of SE, the 

media the toxin is in, the pH, salt concentration and other environmental factors (Balaban 

and Rasooly, 2000). It was reported that sterilization at 121°C for 7.5 min could 

inactivate SEA in canned mushroom at a level of 50 ng/g, but not for 100 ng/g (Bennett 

et al., 1993). At pH 5.3, sterilization at 121°C for 1 min inactivated SEA (7 µg/ml) in 

casamino acids medium, while 25 min at 121°C was necessary for inactivating SEA (7 

µg/ml) in beef bouillon (Humber et al., 1975). Another study reported that SEA (5 µg/ml) 

in beef bouillon of pH 6.2 required 27 min to be inactivated by sterilization at 121°C 

(Denny et al., 1971). In veronal buffer (pH 7.2), a thermal treatment of 16.4 min at 

121°C, 39.1 min at 110°C, or 87.1 min at 99°C was needed to inactivate 30 µg SEB 

(Read and Bradshaw, 1966). Another study observed that SEB in sterile fresh culture 

medium (pH 7.6) at 100 µg/ml required 30 min at 121°C, 180 min at 100°C, or more than 
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300 min at 80°C to be inactivated (Fung et al., 1973). Purified raw milk containing SEB 

(30 µg/ml) became SEB free after 18.4 min sterilization at 121°C (Humber et al., 1975). 

Although thermal inactivation of SEs has been reported in a variety of food products, 

no study has investigated thermal stability of SEs in pre-cooked tuna meat. This study 

was conducted to determine sterilization conditions required for reducing SEs in 

pre-cooked albacore and skipjack tuna meat to un-detectable level. 

4.3 Material and methods 

4.3.1  Tuna samples preparation 

Frozen pre-cooked albacore (loin, chunk, and flake) and skipjack (chunk and flake) 

samples were provided by a canned tuna producer. All samples were cut into pieces (5.0 

cm x 5.0 cm x 2.5 cm) of 50±5 g under sanitary conditions, individually packed in 

vacuum bags and kept in a -80°C freezer until use. 

4.3.2  Enterotoxin inoculation 

Highly purified SEA, SEB, and SED purchased from Toxin Technology Inc. 

(Sarasota, FL) were used in this study. Each lyophilized SE was reconstituted with 

distilled water to prepare a SE suspension of 10 µg/ml. Each frozen pre-cooked tuna 

sample was thawed in a refrigerator (5-7°C) overnight (12-14 h) and inoculated with 

reconstituted SEA, SEB, or SED at 5 spots on the surface (200, 100, 50, or 20 µl/spot) to 

yield a level of 1 µg, 500 ng, 250 ng, or 100 ng/g of SE. Inoculated samples were held at 

35-37°C for 1 h to allow the absorption of the SEs into the samples. 
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4.3.3  Staphylococcus aureus inoculation 

Three Staphylococcus aureus strains (N-5018, ATCC 13566 and ATCC 25923) 

producing SEA and SEB plus two strains (N-5014 and ATCC 13565) producing SEA and 

SED were also used in this study to determine the efficacy of thermal inactivation of SEs 

produced by these strains. Each strain was individually grown in 10 ml tryptic soy broth 

(TSB, Bacto, Becton Dickson, Spark, MD) overnight (20-24 h) at 35-37°C. Each 

enriched culture (10 µl) was transferred to 10 ml fresh TSB and incubated at 35-37°C for 

12-16 h. The TSB cultures of the five strains were then pooled into a sterile centrifuge 

tube and cells were harvested by centrifugation (3,000 × g, Beckman J6-MI, Beckman 

Coulter, Brea, CA) at 5±1 °C for 15 min. The cell pellet was resuspended in 50 ml sterile 

phosphate-buffered saline to produce a multi-strain cocktail suspension. Each tuna 

sample thawed at 5-7°C for 12-14 h was inoculated with the five-strain cocktail of S. 

aureus suspension at 5 spots on the surface (20 µL/spot) to yield an inoculation level of 

103-4 CFU/g. Inoculated samples were placed individually in 400 ml sterile plastic cups 

(Gosselin North America, City, IL) with lids loosely covered and held at 35-37°C for 

36 h. 

4.3.4  Thermal sterilization 

Each tuna sample inoculated with reconstituted SE was transferred to a screw cap 

container followed by addition of an equal weight of distilled water, which dilute the 

concentration of enterotoxins in pre-cooked tuna samples by half. The containers were 

screwed tightly and sterilized at 121°C for 15 min, or at 111°C for 30, 40, or 60 min 
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using a steam sterilizer (Consolidated Stills & Sterilizers, Boston, MA). Following the 

sterilization processes, all containers were immediately cooled with tap water (10°C). 

Each sterilized sample was homogenized using a stomacher (Brinkmann, Northbrook, IL) 

at 275 rpm for 30 s to prepare a sample suspension for enterotoxin detection. 

4.3.5  Enterotoxin detection 

Each sample suspension was centrifuged at 5,000 x g (Sorvall Biofuge Fresco, 

Newtown, CT) for 10 min at 5±1°C. Present of enterotoxin in the sample suspension was 

analyzed with the SET-RPLA Staphylococcal Enterotoxin Test Kit (Thermo Scientific 

TD0900A, Sunnyvale, CA) with a detection limit of 0.5 ng/ml (it was assumed that the 

detection limit also applied to pre-cooked tuna meat suspension matrix) using 96-well V-

bottom styrene plates (Thermo Scientific, Waltham, MA). The plates were held at room 

temperature for 20-24 h before reading results. All studies were replicated. 

4.4 Results and Discussion 

4.4.1  Thermal inactivation of enterotoxins inoculated to pre-cooked 

tuna meat 

Effects of thermal processes on inactivation of highly purified SEA, SEB, and SED in 

pre-cooked albacore and skipjack tuna samples are reported in Table 4.1. A process at 

121°C for 15 min inactivated enterotoxins inoculated in all tuna samples at 500 ng/g 

except for SED in albacore loin, flake, and skipjack flake samples. The same treatment 
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reduced SED concentration to non-detectable level (<0.5 ng/g) in albacore flake samples 

from 250 ng/g, and from 125 ng/g in albacore loin and skipjack flake samples. 

At 111°C, all tuna samples containing 500 ng/g of SEA, SEB, or SED showed no 

detectable enterotoxin after a thermal processing for 60 min. A thermal process at 111°C 

for 40 min was adequate to inactivate enterotoxins in all tuna samples at inoculation level 

of 250 ng/g. However, a 30 min process at 111°C was inadequate to inactivate SEB or 

SED in some tuna samples with initial inoculation concentration of 250 ng/g. For samples 

inoculated with SEA, SEB or SED at a level of 125 ng/g, a 30 min process at 111°C 

successfully inactivated SEA and SEB SED to non-detectable level (<0.5 ng/g), but not 

SED in albacore loin samples. However, negative results were observed in albacore loin 

samples with inoculation level of 50 ng/g after the same treatment. These results indicate 

that SED tends to be more heat-resistant than SEA and SEB in pre-cooked tuna meat The 

different resistances of same enterotoxin in different types of tuna samples may be caused 

by different salt contents, fat contents, and other factors in the samples. In general, the 

salt content in albacore tuna samples (<0.1%) is lower than that in skipjack samples (0.5 - 

2.0%) (unpublished results). And higher fat content was observed in pre-cooked albacore 

tuna meat than in skipjack tuna. 

4.4.2  Thermal inactivation of enterotoxins produced by S. aureus in 

pre-cooked tuna meat 

SEA, SEB, and SED were detected in pre-cooked albacore and skipjack tuna samples 

inoculated with five S. aureus strains and incubated at 37°C for 36 h (Table 4.2). A 
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thermal process at 121°C for 15 min or at 111°C for 40 min inactivated all SEs produced 

by S. aureus in all 5 types of pre-cooked tuna samples. Compared with results observed 

from thermal inactivation of SEs inoculated to pre-cooked tuna meat (Table 4.1), it was 

believed that the levels of SEs produced by the five S. aureus strains in the tuna samples 

after incubation at 37°C for 36 h were less than 250 ng/g. Therefore, it was concluded a 

thermal process of 121°C for 15 min or 111°C for 40 min was adequate to destroy SEA, 

SEB and SED in pre-cooked albacore and skipjack tuna meat, unless the tuna meat was 

contaminated with S. aureus at levels above 104 CFU/g and exposed to an elevated 

temperature (such as 37°C) for more than 36 h. 

4.5 Conclusions 

Staphylococcal enterotoxin D was more resistant to heat than SEA and SEB in pre-

cooked albacore and skipjack tuna samples, particularly in albacore loin samples. 

However, a thermal process of 121°C for 15 min was capable to inactivate SEA and SEB 

inoculated to all tuna samples at a level of 500 ng/g, and SED at a level of 125 ng/g. At 

111°C, 60 min was sufficient to inactivate all enterotoxins inoculated to all tuna samples 

at a level of 500 ng/g, and 40 min was enough to inactivate all enterotoxins in all tuna 

samples at a level of 250 ng/g. For enterotoxins produced by S. aureus (103-4 CFU/g) 

inoculated to pre-cooked tuna meat after incubation at 37°C for 36 h, a process of either 

at 121°C for 15 min or at 111°C for 40 min was adequate to destroy all the enterotoxins.  
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Table 4.1 Effects of thermal processing on inactivation of purified staphylococcal enterotoxins in pre-cooked tuna meat. 

Process SE 
500 ng/g  250 ng/g  125 ng/g 

ACL ACC ACF SKC SKF  ACL ACC ACF SKC SKF  ACL ACC ACF SKC SKF 

121˚C 15 
mina 

SEA - c - - - -  - - - - -  - - - - - 
SEB - - - - -  - - - - -  - - - - - 
SED + - + - ++  + - - - +  - - - - - 

111˚C 60 
minb 

SEA - - - - -  - - - - -  - - - - - 
SEB - - - - -  - - - - -  - - - - - 
SED - - - - -  - - - - -  - - - - - 

111˚C 40 
minb 

SEA NA NA NA NA NA  - - - - -  - - - - - 
SEB NA NA NA NA NA  - - - - -  - - - - - 
SED NA NA NA NA NA  - - - - -  - - - - - 

111˚C 30 
minb 

SEA NA d NA NA NA NA  - - - - -  - - - - - 
SEB NA NA NA NA NA  ± - - - -  - - - - - 
SED NA NA NA NA NA  ++ + - - ±  ± e - - - - 

 

ACL-Albacore Loin, ACC-Albacore Chunk, ACF-Albacore Flake, SKC-Skipjack Chunk, SKF-Skipjack Flake. 

a: Process includes 86 sec come-up time to 121°C and 17 min cool-down time to 100°C. 
b: Process includes 34 sec come-up time to 111°C and 12 min cool-down time to 100°C. 
c: Results classified as (±), (+), (++), and (+++) are positive; results classified as (-) are negative. 
d: Enterotoxins not determined due to insufficient purified SEs for tests. 
e: Not detectable (<0.5 ng/g) in samples containing SE at 50 ng/g. 
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Table 4.2 Thermal inactivation of enterotoxins produced by S. aureus in pre-cooked tuna meat. 

Process SE ACL ACC ACF SKC SKF 

Controla 
SEA   ++ d + + ++ ++ 
SEB ++ ++ ++ ++ ++ 
SED ++ ± - ++ + 

121˚C 15 minb 
SEA - - - - - 
SEB - - - - - 
SED - - - - - 

111˚C 40 minc 
SEA - - - - - 
SEB - - - - - 
SED - - - - - 

 

ACL-Albacore Loin, ACC-Albacore Chunk, ACF-Albacore Flake, SKC-Skipjack Chunk, SKF-Skipjack Flake. 

a: This group receives no thermal processing. 
b: Process includes 86 sec come-up time to 121°C and 17 min cool-down time to 100°C. 
c: Process includes 34 sec come-up time to 111°C and 12 min cool-down time to 100°C. 
d: Results classified as (±), (+), (++), and (+++) are positive; results classified as (-) are negative. 
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The commercial tuna canning process consists of the freezing of tuna fish upon catch, 

thawing of the frozen fish after being delivered to the processing plant, pre-cooking 

before manually removing bones, intestines and blood vessels, and then freezing again 

for shipping from primary suppliers to tuna canneries. The frozen pre-cooked tuna meat 

is then thawed and filled into cans which are sealed after addition of water, oil, or brine, 

and then sterilized by conventional thermal processing. During the cleaning step after 

pre-cooking, tuna meat has the potential to be contaminated with enterotoxin-producing 

Staphylococcus aureus introduced by workers or by contact with poorly-sanitized 

surfaces. Any exposure of contaminated tuna meat to elevated temperatures before 

sterilization opens a window for S. aureus to multiply and produce heat-resistant 

enterotoxins, which may survive heat sterilization. 

This study demonstrated that both pre-cooked albacore and skipjack tuna meat, which 

are commonly used in U.S. tuna canneries, can support the growth of enterotoxin-

producing S. aureus. However, at least 6 h of incubation at 37°C, the optimal temperature 

for S. aureus growth and enterotoxin production, and 10 h at 27°C, was needed to 

increase S. aureus counts by 3 log CFU/g in tuna meat. In spite of this significant growth, 

no enterotoxin was detected in samples incubated at 37°C for 12 h or at 27°C for 16 h. 

Moreover, all samples showed evidence of spoilage before enterotoxin was produced. 

Considering that most tuna canneries in the U.S. use frozen pre-cooked tuna loins 

from primary suppliers for further process, this study investigated the impact of frozen 

storage on S. aureus to survive in pre-cooked tuna meat during frozen storage, and to 

grow and produce enterotoxins after the frozen products were thawed. Frozen storage 
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at -20±2°C for 4 weeks slightly but not significantly reduced populations of S. aureus in 

pre-cooked albacore and skipjack tuna meat. However, once the frozen tuna samples 

were thawed, S. aureus multiplied rapidly at 35-37°C and increased total populations by 

more than 3.0 log CFU/g after less than 6 and 8 h in pre-cooked albacore and skipjack 

tuna samples, respectively. However, no enterotoxin was detected in any samples even 

after 10 h of storage at 35-37°C. Furthermore, the production of enterotoxins was 

preceded by spoilage of the tuna meat. 

Although this study observed no enterotoxin production in pre-cooked tuna meat even 

after 10 h of exposure at 35-37°C, the possibility of producing enterotoxins by S. aureus 

in contaminated tuna meat cannot be totally ruled out. Once staphylococcal enterotoxins 

are produced in pre-cooked tuna meat, thermal sterilization is the last barrier to eliminate 

them before shipping canned tuna to retailers. Results of the study on thermal inactivation 

of enterotoxins indicated that enterotoxin D (SED) was more resistant to heat than 

enterotoxin A (SEA) and enterotoxin B (SEB) in pre-cooked albacore and skipjack tuna 

meat, and survived better in albacore loin than other samples. However, a sterilization at 

121°C 15 min or at 111°C for 60 min was sufficient to inactivate SEA and SEB 

inoculated to all tuna samples at levels of 500 ng/g. For SED, more than 15 min at 121°C 

was needed to inactivate SED at levels of 500 ng/g in albacore loin, flake, and skipjack 

flake samples. The enterotoxins produced by five enterotoxigenic S. aureus strains 

inoculated to pre-cooked tuna meat (103-4 CFU/g) after 36 h of incubation at 37°C were 

inactivated by thermal processing at either 121°C for 15 min or 111°C for 40 min. 

Therefore, if enterotoxins are produced in tuna meat after pre-cooking and before thermal 
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processing of canned products, a process at 121°C 15 min or 111°C for 40 min should be 

adequate to inactivate the enterotoxins to an non-detectable level (0.5 ng/g). 
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