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PREFACE

Demand for seafood around the world and within most countries is
beginning to exceed the supply. Despite significant advances in aqua-
culture production, predicted trends indicate this deficit will grow
through the next decade. Commercial response is seeking products
from more distant and nontraditional sources, which include new
varieties and alternative selections. More distant, international ex-
change is increasing. The most recent report addressing the status
of world fisheries issued in 2005 by the Food Agricultural Organiza-
tion (FAO; http://www.fao.org///DOCREP/007/y560De/y5600e.htm)
indicates nearly 40% of the world fishery resources are involved in in-
ternational exchange. Developing countries account for over 55% of
the fishery exports, while developed nations (i.e., Japan, United States,
and the EU) account for 82% of the total value of imports. Over 90% of
this international exchange involves processed products. The growing
dependence on more distant and time-consuming exchange of fishery
products requires processing and packaging options that help preserve
product quality and product shelf life. Continuing reliance on modified
atmospheric processing and package is inevitable, but this technology
involves concerns for operational issues, regulatory guidelines, and
market expectations. This book offers the most recent assessments
of this technology by a special selection of scientific, regulatory, and
commercial expertise.
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1

USE OF FILTERED SMOKES AND

CARBON MONOXIDE IN FISH

PROCESSING

W. Steven Otwell

1.1 Historical perspective

The use of smoke and carbon monoxide (CO) with seafood began
shortly after the caveman invented fire and learned how to catch fish.
As with many new discoveries, the results were preferred without
a complete understanding of the causes or the consequences. The
sensory benefits encouraged progressive refinements that are still oc-
curring today. Although current users can reference significant experi-
ence since prehistoric time, the recent developments in fish processing
with filtered smokes and carbon monoxide are driven more by benefits
rather than understanding.

The current preference is for a more appealing color in red and pink
tones in fish muscle exposed to smoke or gas blends containing carbon
monoxide (CO). The red colors in the raw muscle are considered
a sign of fresher or better quality fish than dark, yellowing, tan, or
brown colors that denote aging, poorer quality, prior freezing, or actual
product abuse. The color differences are largely due to the chemical
state of certain pigments associated with the heme proteins in the fish
muscle tissue (myoglobin) and blood (hemoglobin). Oxygen combines
with the myoglobin to form the red pigment oxymyoglobin, which is
essential for the function of the muscle, yet this pigment fades and
progressively darkens to shades of brown as the muscle is oxidized
during aging after death and during freezing. Applications of smoke or
gases containing CO can maintain the red color in the muscle tissue.
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4 Use of CO and Filtered Smokes

Exposure to CO actually “fixes” the red color such that the muscle
tissue will resist oxidation or retain a portion of the red color during
refrigeration or frozen storage. The CO reacts in a similar manner as
oxygen but results in a more stable red pigment, carboxymyoglobin,
that has a stronger bond with the heme proteins. The resulting shades
and duration of the red colors depend on the amount and distribution
of the heme proteins in the particular fish muscles and the amount of
CO exposure.

The color changes in tuna and other fish muscle have been docu-
mented for many years (Brown et al. 1958; Sano et al. 1959; Sano &
Hashimoto 1958; Heer & Karsti 1965), but commercial considerations
to manipulate color with additions of CO did not emerge until the ad-
vent of processing with modified atmospheric packaging (MAP) in the
1970s. MAP became popular in efforts to extend the refrigerated shelf
life of fresh fish by manipulating the gases used in MAP in order to retard
the growth of spoilage bacteria. The effective MAP gas blends included
varying concentrations of carbon dioxide (CO2), nitrogen, and oxygen
(Banks et al. 1980; Koski 1988; Martin 1981; Parkin & Brown 1982;
Wilhelm 1982). Initial studies with meats suggested that small por-
tions of CO could be incorporated in the MAP gas blends to help main-
tain red muscle color (Clark et al. 1976; El-Badawi et al. 1964; Gee &
Brown 1978; Wolfe 1980). Concentrations as low as 1.0% CO were
found to be effective in maintaining red color in MAP of fish (Brown
et al. 1980). Interestingly, as of 2005, the obvious benefits of using CO
in MAP of meats or seafood have not been incorporated in common
processing operations. Possible deterrents may range from safety con-
cerns in processing to consumer perception of the CO process and
products, but recent patents and regulatory decisions recognizing the
use of CO with meat and fish could renew commercial interests.

Patents for specific applications of CO to impart color in meats, poul-
try, and fish began to appear in the late 1980s. Woodruff and Silliker
(1985) introduced a process to expose fish to about 0.10–1.5% CO in
MAP with CO2 levels higher than 10%. This patented process could
not only be used for red color retention in fresh, nonfrozen fish, but
it could also be applied to fish prior to frozen storage. Later, Yamaoka
(1996) offered an alternative approach to apply CO to fish prior to
packaging. The inventors considered the process was “extra-low tem-
perature smoking” conducted by exposure to filtered smoke cooled
between 0 and 5◦C. One apparatus provided four basic steps: (1) Burn-
ing of wood to generate smoke; (2) filtering the smoke to remove tars;
(3) cooling the filtered smoke below 5◦C; (4) smoking the fish to im-
part taste and color retention. The patent claimed that the resulting
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product would appear similar to raw fish, but the process could impart
tastes depending on the processing temperatures, kind and quality of
smoke, and selection of the filters. The actual claims indicated the pro-
cess involved curing of the fish, including preimmersion in salt water
prior to smoking.

In contrast, Kowalski (1999) patented a process to retain red color
in fish muscle by applying filtered smoke that did not impart tastes and
the finished product was to be frozen. Again, CO generated with smoke
from burning of organic matter was the active agent necessary to sta-
bilize the red color in the heme protein. The process was considered
unique because of the burning temperature used to generate the smoke
and the filtering process yielding a “super-purified smoke.” The burn-
ing temperature could range from 500 to 800◦F (260–571◦C). Super-
purified was defined in terms of threshold levels for detection of odor
and taste sensations in the filtered smoke and treated products. Product
treated with the super-purified smoke would not exceed the threshold
levels. The empirical evidence suggested these detection thresholds
for the phenolic fraction in the gaseous vapor phase of the smoke
would preferably range below 10.4 ppm. The preferred level for the to-
tal aromatic phenols in the fish was 9.4 ppm by weight per total weight
of the treated product. It was not clear how these levels were derived
or could be monitored, but the intent was production of stabilized
color with no detectable smoke taste. The process would produce fish
with “vitality” similar to fresh, nontreated fish. The patent definition
for vitality was based on preserved freshness, color, texture, natural fla-
vor, and moisture. The filtered smoke, with CO concentrations ranging
about 30% by volume, was stored and aged in cylinders prior to direct
application to cuts of fish held in plastic bags. The patent suggested
this process would provide preservation through antimicrobial and an-
tioxidant properties associated with common applications of smoke.

The Kowalski patent and concurrent reviews by the U.S. Food and
Drug Administration (FDA) ignited commercial applications of filtered
smokes and CO for color retention in seafoods (FDA 2000). Initial inter-
est followed the intent of the patent for use with fish to be frozen. Freez-
ing without detrimental discoloration of certain fish, primarily tunas,
has opened significant markets in more distant locations that are not
readily accessible with fresh, nonfrozen fish. In part, adoption of this
technology explains the significant increase in imports into the United
States from the Indo-Pacific regions beginning in 1996 (Table 1.1).

Although the original tasteless smoking process involving specific
criteria for generation and filtering of smoke was protected with
patents and royalty agreements, commercial innovations introduced
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Table 1.1 Total annual imports of yellowfin tuna (Thunnus albacares) into
the United States from a selection of Indo-Pacific nations.

Indonesia Philippines Vietnam

1994 937 836 —
1995 1652 940 —
1996 1467 997 —
1997 1666 570 10
1998 2402 886 353
1999 2506 3143 774
2000 2265 2906 1503
2001 3056 3109 2349
2002 3038 2798 2541

Source: U.S. Department of Commerce, NOAA-Fisheries Office of Sustainable
Fisheries, Highly Migratory Species (Sept. 2003).
Note: Significant increases in imports since the 1996 introduction of processing
seafood with filtered smokes and carbon monoxide.

new methods for filtering and applying smoke and some actual di-
rect applications with CO gas. Modifications included batch-type op-
erations in pressurized chambers, additional product treatments with
ozone, and postharvest euthanasia of cultured fish. The option with
least obligation and expense has been simple application with CO
gas. This trend has created a debate between operations with filtered
smokes vs. CO gas with allegations that direct applications with ele-
vated concentrations of gas, higher than 30–40% CO, produce “unnat-
ural colors” and more potential economic fraud through enhancement
of inferior products. The controversy lacks for methods and standards
to distinguish products and processes.

Despite the confusion, market demand for the treated product re-
mains strong and commercial response is expanding with applications
for more species and different product forms. Convenience, product
appeal, availability of both frozen and thawed, and reduced costs are
driving demand. Original frozen tuna steaks are now complemented
with growing markets for a variety of fish from certain imports (i.e.,
groupers, snappers, mahimahi, swordfish, and shark) and aquaculture
(i.e., Tilapia, catfish, and salmon). The selections still involve fish-
ery resources from more distant locations, which require freezing to
maintain product quality, but commercial inquiries are exploring ap-
plications for fresh fish.

Recent patents for the use of CO in stabilizing red color in fresh meats
could encourage further applications with fresh fish. In 2002 Pactiv
Corporation introduced a MAP system (ActiveTechTM) for case-ready
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meats and ground meats that provided color retention by packaging
with gas blends of 0.4% CO, 30% CO2, and 69.6% nitrogen (FDA 2002).
Two years later, Precept Foods, LLC, followed with a MAP system with
similar color controls in tray packs of beef and pork; this system was
based on a gas blend of 0.4% CO, 20–100% CO2, and 0–80% nitrogen
(FDA 2004). Because of the market size and influence of these com-
modities, any success with CO packaging for color control in fresh
meats could stimulate a similar response for fresh seafood.

1.2 Regulations

Intentional use of filtered smokes and CO to retain red colors in fish
preceded any formal regulatory recognition. Letters seeking clarifica-
tion for such commercial practice were exchanged between the FDA,
the National Marine Fisheries Service (NMFS), Hawaii’s State Depart-
ment of Health, and technical interests as early as 1996 (Brunetti 1998;
Hoskins 1998; Young 1996). The concerns questioned food additive
status for CO, product nomenclature for labeling, and potential
economic adulteration (product enhancement). Mounting concern
culminated in an FDA Import Bulletin issued in May 1999 in response
to processing of tuna with “tasteless smoke”(TS) in Indonesia, the
Philippines, and Taiwan (FDA 1999). The bulletin did not object to
the new processes, but emphasized the requirement for mandatory
labeling to distinguish fish treated with CO or TS. The recommended
labeling information as part of the ingredient statement was “tasteless
smoke (preservative to promote color retention).” According to the
bulletin, treated products without appropriate labeling information
would be considered misbranded. The bulletin also advised that
abusive use of these preservatives, which could be distinguished as
product with “artificial, unnaturally bright red color, should be subject
to analysis for decomposition and histamine, since there is no official
method to test for TS or CO.”

The initial FDA position was more formally restated in the follow-
ing GRAS notification No. 000015 issued in response to a request by
Kowalski’s company, Hawaii International Seafood, Inc. (FDA 2000).
This response specifically addressed the use of TS with tuna products
that were to be frozen after treatment in accordance with the original
Kowalski patent. FDA considered that the TS was a preservative and
that it required label declarations stating both the common and usual
name of the ingredient and a separate description of its function. FDA
cautioned that fish preserved with TS should not be represented as a
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“smoked” product and it may also not be identified as a “fresh frozen”
product. FDA regulations do not allow the use of the term “fresh”
with products containing a preservative. Subsequent presentations by
FDA (Brunetti 1998) offered additional examples for appropriate la-
beling which suggested a similar position for TS and CO treatments.
The recommended labeling information for the ingredients statements
included

Tuna, Carbon Monoxide (as a color preservative)

Tuna, Tasteless Smoke (as a color preservative)

This position, recognizing use of CO, was further reinforced in an
FDA letter to the NMFS Seafood Inspection Program, which identified
“carbon monoxide” as the common and usual name for CO when used
in foods (Wilson 2004).

Concurrently, the voluntary inspection program, based on fees-for-
service conducted by the National Marine Fisheries Service, began
working with various international firms to provide process verifica-
tions and operation audits for CO/TS products to be imported into
the United States. In addition to their prerequisites for sanitation and
product quality, NMFS has tried to develop a color scheme that relies
on actual measurements for color shades and progressive fading in
thawed product that distinguishes the proper commercial methods.
Their program was to inspect and certify only tuna products treated
with TS and only those products that originate from firms that NOAA
has verified to employ acceptable process controls (McKeen 2002).
The products were also to be in compliance with all other applica-
ble legal and regulatory requirements. They provide a listing of the
approved firms verified under contract with NMFS.

The controversial regulatory responses were influenced by the years
of commerce and consumption of foods exposed to smoke that con-
tains CO. Previous FDA regulations also recognized the food additive
used for combustion product gas in food packaging that included a
carbon monoxide content of 4.5% by volume (21 CFR 173.350). Like-
wise, the U.S. Department of Agriculture (USDA) has allowed the use
of wood smoke containing CO as an ingredient in meat and poultry
(9CFR 318.7, 381.147, and 424.21).

The more recent FDA decisions regarding the use of CO in MAP of
meats have specially declared that CO is a “processing aid” that does
not require product labeling declarations (FDA 2002, 2004). FDA was
convinced that the small portion of gas (0.4% CO) as used in the MAP
system for meats complied with the legal definition for a processing
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aid because it did not have a lasting functional effect in the food and
there would be no significant amount of CO present in the finished
products. This position could influence considerations for the use of
CO in MAP of fresh fish as originally observed by Brown et al. (1980).

Regulatory concern for product safety in consumption of foods ex-
posed to CO has been addressed and there are no apparent concerns
(FDA 2002, 2004; Kramer et al. 1978; Post 1979), yet investigations
continue with specific focus on fish (Davenport 2000). Safety margins
have been based on the limited amount of CO absorbed into treated
foods and the significant reduction of CO during cooking.

The more imminent safety concerns for CO-treated fish involve po-
tential color masking of inferior, partially or previously decomposed, or
thermally abused fish that are more prone to development of elevated
levels of histamine. Tuna is a species of concern for elevated histamine,
which is associated with scombroid poisonings (FDA 2001). For this
reason, FDA has conducted limited surveys of suspect TS-treated and
CO-treated fish. In response to consumer complaints of scombroid poi-
soning in Las Vegas, 18 samples of tuna identified as TS-treated product
were found to be decomposed (Cruz et al. 2002). Continuing assess-
ments for 106 samples of treated tuna imported through California
found over 26% of the products with histamine levels in excess of the
FDA’s defect action level of 50 ppm histamine. No doubt the potential
scombroid poisoning due to color masking of certain fishery prod-
ucts that would otherwise appear spoiled is concerning, but the safety
benefits from use of TS and CO treatments deserve equal considera-
tion. Because the majority of potential scombrotoxic fish such as tuna
originates in locations distant from popular markets, freezing is the
best method to control and reduce potential histamine (scombrotoxic
hazards). Applications of filtered smokes or CO allow use of freezing,
which would otherwise discolor the product and reduce the market
value and acceptance. Attempts to market such fish from distant loca-
tions as fresh, never frozen products jeopardize both product quality
and safety. Likewise, subsequent inventories and handling are safer for
frozen products.

Despite the advantages of color retention in frozen products, po-
tential food safety issues and product deception remain the primary
reasons why most major nations are still opposed to the use or im-
port of filtered smokes or CO-treated fish. Presently, similar CO/TS fish
products are not approved for commerce in countries other than the
United States. Japan issued a notice banning fish that have an initial CO
content of ≥500 �g/kg, , which decreases significantly during 2 days of
refrigerated storage (Japan, Food Sanitation Law—Article 6). Reasoning
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for these limits is not clear and analytical governance is subject to signif-
icant error such that treated product is indeed sold in Japanese markets.
Similarly, Canada does not recognize or approve use of CO treatments
for fresh or frozen fish, but use of TS has remained in consideration
since 1999 (Andruczyk 2000; Prince 1999). Although it appears as
if the European Union still objects to the use of CO treatments as a
food additive for any food, recognized use with fresh meats in Norway
still stirs concern for further considerations (European Commission
2001).

1.3 Future considerations

The introduction of filtered smokes and CO in fish processing could
represent one of the most significant and timely developments in
seafood commerce. This technology has emerged at the same time
when the increasing demand for seafood is seeking supplies in more
distant markets. The import of seafood into the United States has grown
to exceed 60% of the annual supply and there are no markets or bio-
logical indicators to suggest this trend will decrease. Similar situations
are occurring in the European Union, Canada, and Japan. This trend
will force more dependence on processing methods and packaging to
protect and maintain product quality and appeal. Applications of fil-
tered smokes or CO offer methods of preservation with freezing while
maintaining product appeal.

Despite some commercial efforts to develop processing and prod-
uct standards through trade associations and licensing, market compe-
tition is attracting less experienced and less controlled applications.
Although there are no obvious objections in the retail sectors, some
wholesale competition with certain fresh fish is mounting efforts to
eliminate these frozen CO entries or require sterner labeling. Predicted
use of filtered smokes or CO with MAP and fresh fish could further
aggravate this situation. Likewise, some products being labeled as “re-
freshed” fish or fish “preserved with CO” in effort to avert the use of
the term “carbon monoxide” could confuse the consumers and attract
regulatory consequences.

Market demand for seafood treated with filtered smokes or CO ap-
pears to be increasing with no objections to the atypical, or in some
cases, “plastic” colorations in certain fish, but public opinion could be
alerted by pending publicity to question the concept of “CO-treated”
food. In the near future, public response could influence commercial
practice and regulatory status. The continued success and acceptance
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for these fishery products will depend on the development of proper
controls and monitoring procedures necessary to assure product qual-
ity prior to treatments, more specific guidelines for processing, and
final product evaluations. Initial research efforts with intentions to de-
velop controls include efforts by the National Marine Fisheries Service
and the University of Florida (Kristinsson et al. 2003; Ross 2000).
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COMMERCIAL ASPECTS OF

FILTERED WOOD SMOKE

TECHNOLOGY COMPARED TO

CARBON MONOXIDE GASSING OF

SEAFOOD PRODUCTS

Blane E. Olson

2.1 Introduction

Filtered wood smoke technology and carbon monoxide applications
have quickly become a major force in the worldwide seafood industry.
Five years ago both these processes were virtually unheard of in the
seafood industry, and today at least 30% of the seafood (outside of
shrimp or salmon) sold at supermarket retail has been treated with one
of the two processes. There are advantages as well as disadvantages
to the commercial application of both these processes, which we will
review in this chapter.

2.2 Traditional wood smoke processing

Wood smoke has been used as a method of preservation since the
times of cavemen. Smoking is completely accepted as a preservation
method by competent health authorities in every nation of the world.
Every food regulatory publication from Codex Alimentarius (1979) to
21 US Code of Federal Regulations (CFR 2003) approves the use of
wood smoke as a preservative.
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There are hundreds of different methods of smoking in use today.
Many of these methods include brining or salt curing as a preparation
stage and hot or cold smoking for a time period, which allows the
smoke to penetrate the flesh of the fish or meat. Some processes such
as those that produce “jerky” use smoke and heat to dry the meat until
there is little or no moisture remaining in the meat. These processes
produce an end product with or without a smoke flavor and with an
extremely long nonrefrigerated shelf life. Some processes involve cold
smoking, where brining is not required and the smoke is “scrubbed”
using water sprays, and the resultant smoke imparts a very delicate,
light smoke flavor while still imparting the organic components of the
smoke responsible for shelf life preservation. The common denomina-
tor of all of these smoking processes is the extension of shelf life of
the end product.

2.3 Filtered wood smoking processes

Filtered wood smoking is a process created to specifically extend or
preserve the shelf life of fresh and frozen seafood products. The goal
of the process is to “utilize a preservation method to deliver a frozen-
at-source, seafood product to the consumer which exhibits quality
characteristics as close as possible to the fresh state of the fish when it
came out of the water” (Olson 2004). The action of the smoke in this
process is that of smoke preservation and not that of a flavoring agent.

Freshness quality characteristics that are desirable to maintain are
as follows:

(a) Freshness (bacterial)—low bacteria counts that do not lead to
decomposition or histamine formation.

(b) Flavor—fresh ocean flavor, not “fishy” flavors.
(c) Texture—firm, flaky meat.
(d) Color—bright colors and translucent meat.

2.4 Similar commercial preservation methods

Before further discussing filtered smoke processes, it is important to
look at other methods of preservation utilized by the food industry
today.

2.4.1 Pasteurization

Pasteurization has been used for over a hundred years to extend the
shelf life of products ranging from fresh milk and juices to crab meat.
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The pasteurization process heats the product to a level where bacteria
are destroyed but proteins are not damaged. This allows the product,
such as milk, to exist in a “fresh” chilled state for up to three times as
long as it would without pasteurization.

2.4.2 Modified atmosphere packaging

Modified atmosphere packaging (MAP) involves the packaging of food
products in a sealed environment consisting of a mix of carbon dioxide
and nitrogen gases, which act to greatly extend the shelf life of the
packaged product. This method is widely used for products ranging
from lettuce to cold cuts to meat. In the case of lettuce, cut ends
of lettuce oxidize and turn brown within minutes of cutting when
exposed to oxygen. MAP allows cut lettuce to appear “just cut fresh”
in the refrigerated section of the grocer for 2 weeks.

2.4.3 Freezing

Freezing is another age-old preservation technique. Since the begin-
ning of the freezing process, companies have tried to develop methods
of freezing that allow the defrosted product to appear as fresh as the
minute it was frozen. These methods include conventional freezers,
which operate as low as −60◦C, carbon dioxide freezers, which oper-
ate to −90◦F, and nitrogen freezers, which operate as low as −140◦F,
all in order to produce a fresh-like end product. As regards to accept-
ability in the market, shrimp is a good example. Thirty percent of all
seafood sold in the United States at supermarket retails is shrimp and
95% of that shrimp has been previously frozen, defrosted, and sold
to very pleased consumers. In addition, chemicals such as sulfites are
added to the shrimp before freezing to prevent discoloration of the
shell, which again maintains the fresh appearance of the product.

In conclusion, the art to develop a method of preservation aimed at
preserving the fresh-like characteristics of a food product has been in
existence for a long time.

2.5 How fresh is fresh fish?

Another concept to explore is “How fresh is fresh?” A good example is
tuna caught in the waters of Vietnam and destined to be consumed in a
sushi bar in Saint Simons Island, Georgia. The tuna is caught on a long-
line vessel in the waters of Vietnam and remains on the boat for 7 days
until it is offloaded at a landing site in Nha Trang province. The tuna
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is unloaded, packed in ice, and driven to Ho Chi Minh city where it is
graded and boxed for export, taking 2 more days. The boxed unrefrig-
erated tuna is then shipped by air to Miami; this requires a minimum of
2–3 days to arrive based on space availability on the planes. The tuna
arrives into Miami where it must clear customs, be recovered from the
airport, then re-iced, and placed on a commercial truck, which requires
2 more days. The tuna is trucked to Atlanta where it is received by a fish
wholesaler, which adds 1 more day. The tuna is then held on ice to meet
par requirements for another 2 days when it is cut and again loaded on
a truck bound for St. Simons Island. The truck delivers this tuna to the
sushi bar the next day and the sushi bar serves the tuna as raw sashimi
and sushi during the next 3 days. This makes a total of 20 days from
catch to consumption. Every consumer would agree that this is not
“fresh” fish. During all of this transportation time you are continually
growing bacteria, causing oxidation, and continually downgrading the
fresh-like attributes of the tuna (even though the meat color is still
red). You are also greatly running the risk of growing bacteria through
temperature abuse, which causes scombrotoxin poisoning, a major
food safety issue with scombroid fish species such as tuna.

2.6 Benefits and actions of filtered wood
smoke processing

The goal of filtered wood smoke processes is to “utilize a preservation
method to deliver a frozen-at-source seafood product to the consumer
which exhibits quality characteristics as close as possible to the fresh
state of the fish when it came out of the water”(Olson 2004). The
action of the smoke is that of smoke preservation.

2.6.1 Bacterial levels and food safety

One of the major benefits of filtered wood smoke processing is the
lowering of food safety risks associated with fish because of the freez-
ing involved in the overall process. Freezing kills parasites and FDA
guidelines suggest that fish be frozen below −18◦C for 30 days to kill
any parasites present (FDA 2001). This practice is not feasible with
fish species such as sashimi-grade tuna, which quickly oxidizes from
red to an unappealing brown as a result of standard freezing. Filtered
wood smoking prevents this color change and also produces a much
safer product.
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The second major benefit of the freezing process is the strong
reduction of mesophilic and other spoilage-associated bacteria
(Baranowski & Frank 1990). Freezing greatly reduces bacteria levels
and subsequently lengthens the time it takes for bacteria to enter
the log phase and spoil defrosted products. This is very important in
the case of histamine-forming bacteria such as Morganella morganii,
which is a prolific histamine producer found naturally occurring on the
fish itself as well as in the plant-processing environment (Subburaj &
Karunasagar 1985). In one study performed at the University of Florida
(Kristinsson et al. 2005) a series of fresh tuna steaks were inoculated
with M. morganii and further prepared in three ways:

(1) Fresh inoculated control—no further treatment.
(2) Frozen inoculated control—frozen at −25◦C for 30 days.
(3) Clearsmoke inoculated sample—smoked using Clearsmoke and

the Clearsmoke method and frozen for 30 days at −25◦C

These steaks were then temperature abused by subjecting them to
an environmental temperature of 68◦F (20◦C) for 24 h. Samples were
taken every 6 h and tested for histamine (Fig. 2.1).
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Fig. 2.1 Histamine generation in inoculated tuna steaks durtng temperature
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Figure 2.1 demonstrates the accumulation of histamine in the mus-
cle tissues of the tuna steaks as a result of the growth of the inoculated
M. morganii bacteria. It is apparent that the fresh control enters the
log phase after 6 h and quickly generates high levels of histamine.
The frozen control, which has had its bacterial load greatly reduced
by freezing and frozen storage, lasts for roughly twice as long (12 h)
before it begins to show a log increase in histamine. This example
clearly shows the effect of freezing on the retardation of the growth of
the M. morganii, and the subsequent generation of the histamine in
the muscle tissue. The third major benefit of the Clearsmoke process
is the antimicrobial action of the smoke components transferred to
the tuna steaks during the smoking phase. Figure 2.1 shows that the
Clearsmoke product does not generate any histamine during the 24 h
of temperature abuse. This is due to the two hurdles subjected to the
tuna, which reduces its bacterial load: first the addition of bacterio-
static smoke components during the smoking process and second the
freezing. It is important to note that histamine will eventually develop,
but only after the product has very high odors of decomposition.

2.6.2 Color

One of the most important components in retail of seafood is the
color of the product. Consumers buy with their eyes as a guide to the
freshness of the product. Unfortunately and unfairly, extremely high
quality, day boat caught fish such as red snapper will loose its color
when frozen as a result of the oxidation of its heme proteins. Red
snapper, when processed with filtered wood smoke, properly frozen at
catch or within 1 or 2 days, and subsequently defrosted 2 months later
will show an extremely low presence of bacterial decomposition and
will not taste decomposed or fishy. Consumers desire a product that
is mild in taste and very low in fishy flavor. The same fish transported
fresh for 7 days will have developed substantial levels of decomposition
and taste very fishy. Hence fish that is properly frozen quickly after
harvest tastes more fresh than the fresh fish, and is more satisfying to
the consumer.

Unfortunately in the above scenario, a previously frozen, better tast-
ing fish would have oxidized during freezing and have a very unappeal-
ing brown color. The advantage of using filtered wood smoke processes
on fish to be frozen is that the red color will be maintained through
the freezing, frozen storage, and subsequent defrosting of the fish. If
this fish is left unfrozen, the color will then deteriorate at a rate similar
to that of the fresh fish. Therefore the unfair bias of freezing-induced
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oxidation of heme pigments is removed and the customer purchases
and consumes an excellent seafood product.

The color retention aspect of the filtered wood smoking processes
is of course the most controversial aspect. Many fresh fish dealers
feel that the consumer is deceived by this color retention. However,
consider the following:

(1) Salmon, the single most consumed fish in seafood counters,
(a) retains its orange color through freezing and defrosting.
(b) retains its orange color long after it has decomposed.
(c) retains its orange color after it has developed high levels of

odors of decomposition.
(d) is rejected by consumers as unfit to eat due to odor, not color.
(e) is greatly “color enhanced through feed” and is labeled as

such in seafood counters.
(2) Shrimp, the largest item consumed in seafood counters:

(a) 95% of this has been previously frozen and then defrosted
before being sold in seafood counters.

(b) 100% has been treated with a chemical, such as sulfites, to
retain the fresh-like prefreezing color and prevent color de-
terioration during frozen storage.

2.6.3 Flavor

One of the biggest issues with frozen fish is the development of fishy
flavors during frozen storage. The carbon monoxide molecules in the
smoke tightly bind with the Fe2+ (iron) molecules in the heme groups
of hemoglobin and myoglobin found in the muscle. These heme pro-
teins when left active act as catalysts to promote lipid oxidation, which
in turn causes rancid fishy flavors to develop. This is one of the greatest
downfalls of the commercial use of frozen fish in food service. A great
majority of chefs refuse to even consider using frozen fish because of
this single issue but have changed their opinions after working with
filtered wood smoke fish. Research has shown that the Clearsmoke pro-
cess can significantly retard and minimize lipid oxidation in seafoods
(Kristinsson et al. 2005).

2.6.4 Texture

It has been found that the texture of the filtered wood smoke prod-
ucts is also better maintained during frozen storage. Kowalski (1999a,
1999b) found that ”tasteless smoke has been demonstrated to increase
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the tenderness of raw and cooked tuna that have been frozen and
thawed when compared to untreated frozen and thawed tuna.”

2.7 Summary of the benefits as they relate to
commercial aspects

In 2004, a major supermarket, using Clearsmoke frozen tuna, planned
a tuna advertisement for a summer weekend (Fig. 2.2) The commercial
benefits were as follows:

(1) They were able to plan the ad 3 months in advance with a guar-
anteed price since the product was frozen.

(2) The product was stocked in the stores a week prior to the sales,
with backup in the local warehouse.

Fig. 2.2 Newspaper advertisement for Clearsmoke tuna steaks.
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(3) An advertisement for $5.99 per pound was placed in the local
newspaper. The ad stated “Clearsmoked Tuna Loins” and the
words “previously frozen.”

(4) Over 40 000 lb of tuna was sold in 5 days and a further order of
8000 lb was given for the next week.

(5) There were zero complaints, zero returns, and two calls from
consumers asking what “Clearsmoke” was.

(6) This ad was considered extremely successful by the supermarket
and there were over 100 000 happy consumers.

2.8 Filtered wood smoking—the processes

There are three major commercial methods for the production of fil-
tered wood smoke products, all of which have U.S. patents awarded.
The Yamaoka patent (Yamaoka et al. 1996) combines the techniques
of burning of wood between 250 and 400◦C combined with ultralow
temperature smoking (0–5◦C) to produce end products with a “tasti-
ness unique to smoke products.” The Kowalski method (Kowalski
1999a, 1999b) produces tasteless or super-purified smoke, and “uti-
lizes the burning of organic substances to produce smoke which is
then heavily filtered to a threshold below which smoke odor or fla-
vor is imparted into the product during the ‘smoking’ phase of the
process.”

The Clearsmoke smoking process (Olson 2004) utilizes a lightly fil-
tered smoke produced at temperatures over 400◦C, which imparts a
smoke odor to the product. The surface smoke odor is removed in a
second, further processing step (washing) after the smoking step is
completed.

2.9 Clearsmoke filtered wood smoking process

The process starts with hickory wood chips from Tennessee or Wis-
consin. Hickory is chosen because of its ability to produce a very clean
smoke with lower tar output compared to softer woods (Fig. 2.3). Also,
a strong consistent year-round supply is available.

The wood chips are burned in a conventional off-the-shelf smoke
generator, which is used by many of the major smoked meat producers
in the United States (Fig. 2.4). The resultant smoke is scrubbed and
cooled to 80◦F using existing standard smoke industry techniques.
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Fig. 2.3 Hickory wood chips used for producing Clearsmoke.

The smoke is then run through a series of media filters that remove
particulates such as tar, ash, and soot. Finally, the smoke is run through
an activated carbon to reduce but not eliminate the smoke flavor and
odor imparting components. The smoke is either used immediately or
is stored for later use.

Fish products are prepared for smoking by filleting, steaking, or
portioning. The aim is to reduce the thickness as much as possible

Fig. 2.4 Conventional smoke generator.
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Fig. 2.5 Smoke chamber.

to allow for faster smoke penetration. The prepared fish products are
placed on racks and put into a smoking chamber (Fig. 2.5).

These chambers vary greatly in size and shape. The chambers are
generally evacuated of air before the smoke is introduced. The smoke
is replaced a number of times in the chamber based on the type of
fish being smoked as well as other factors such as thickness and myo-
globin/hemoglobin content. Smoking can generally range from 2 to
48 h.

After the smoking phase, the fish products are removed from the
smoke chamber and are “washed” in ozone-sanitized water (Fig. 2.6;
see Color Plate 2.1a) to reduce the smoke odor that has accumulated
on the surface of the flesh of the fish during the smoking process.

Finally the smoked products are vacuum packed and quick frozen.

Fig. 2.6 Mahimahi fillets being washed to
remove smoke odor.
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2.10 Tasteless smoke

In TS processing, the smoke is much more highly filtered than in
the Clearsmoke process to a point of “super purifying said smoke
to reduce taste imparting components below thresholds for imparting
smoke odor and taste, whereby a substantially tasteless super-purified
smoke is created” (Kowalski 1999a, 1999b). In other words, the smoke
is so highly filtered that no odor or flavor is imparted to the fish por-
tion during the smoking phase. Therefore, no second processing step
is required.

2.11 Carbon monoxide processing

The major differences between carbon monoxide processing and fil-
tered wood smoking are the following:

(a) Industrial CO gas (99.9% CO) does not contain the carbon diox-
ide and organic smoke components, which are found in filtered
wood smoke. These components are attributed with extension of
bacterial shelf life of seafoods..

(b) 99.9% carbon monoxide can greatly enhance the color of product,
whereas filtered wood smoke locks in the inherent color of the
product.

(c) 99.9% carbon monoxide can be used to make previously frozen
product appear fresh. In Fig. 2.7 (see Color Plate 2.1b), the top
mahimahi fillet is perfectly fresh, Clearsmoked, and then frozen.
The fillet on the bottom is a previously frozen mahimahi fillet,
defrosted, gases with 99.9% CO, and then refrozen. The bottom

Fig. 2.7 (Top) Clearsmoke-treated mahimahi and (bottom) CO gassed previously
frozen mahimahi.
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Fig. 2.8 Example of labelling for filtered
wood smoke items.

product is of a very poor quality but made to look better than it
is to deceive the consumer. Trained seafood personnel can imme-
diately tell the difference, but an untrained consumer would be
deceived.

All three of these factors lend the use of industrial carbon monox-
ide to commercial abuse. Another danger of carbon monoxide is the
unregulated use of steel cylinders. Carbon monoxide is supplied by
commercial gas companies, not food ingredient suppliers. CO can eas-
ily be put in toxic gas cylinders generally on a “refill” basis, especially
in countries where there is no regulation or accountability.

2.12 Labeling

All imported filtered wood smoke products and carbon monoxide pro-
cessed products must be labeled since filtered wood smoke and carbon
monoxide are considered by the FDA to be ingredients (Fig. 2.8; see
Color Plate 2.1c). As a general rule, all internal packages less than 5 lb
must be labeled with full retail ready labeling as the smoke or carbon
monoxide is considered an ingredient. The label must state “Ingredi-
ents; Tuna processed with filtered wood smoke as a preservative for
color retention.” Since the product is vacuum packaged it must also
state “Remove from Vacuum Packaging Before Defrosting” and other
handling instructions.

2.13 Summary

Filtered wood smoke processing has had a major impact on the
seafood industry. The various processing methods allow for high
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quality seafood to be smoked and frozen on site in very remote ar-
eas and be delivered safely to consumers with the desirable qualities
of fresh fish.
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THE INFLUENCE OF CARBON

MONOXIDE AND FILTERED WOOD

SMOKE ON FISH MUSCLE COLOR

Hordur G. Kristinsson, Murat O. Balaban,
and W. Steven Otwell

3.1 The chemistry of fish color

The color and appearance of aquatic food products can have a major
influence on the purchase decisions of consumers and on perceived
quality. The challenge in front of commercial fisheries is to maintain
fresh color of seafood during processing, transport, storage, and retail
display, while assuring quality and safety. The basis and chemistry of
fish muscle color is complex and can be influenced by a variety of fac-
tors such as fish species, harvest season, chemical composition (water,
lipid, and protein content), freshness level, muscle type (dark vs. white
muscle), and type and quantity of heme proteins. Of all these factors,
heme proteins play a very important role in the muscle color of fish
species. This is particularly the case for dark muscle species where
the red color arises mainly from two heme proteins, hemoglobin (Hb)
and myoglobin (Mb) (Livingston & Brown 1981). The roles of these
two proteins are to transport and supply oxygen to the body and are
designed to minimize binding to carbon monoxide (CO). Hemoglobin
is a tetramer made of four Mb-like subunits, is found in high concentra-
tions in red blood cells, and is distributed through both white and red
muscle. In some fish Hb may constitute as much as 30% of the heme
protein in red muscle and most of the heme protein of white muscle
(Haard 1992). Myoglobin is a globular protein found in high amounts
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in muscle cells and is typically found in higher levels than Hb in dark
muscle. The Mb content of muscle tissue is however related to many
different factors such as muscle fiber types, muscular activity, oxygen
availability, blood circulation, and the age of the animal. It is a general
belief that since Hb is in blood it is lost easily during the bleeding of
fish and contributes less to the appearance, unlike Mb, which is mostly
retained on bleeding. Recent evidence however points to a significant
retention of Hb even after bleeding (Richards et al. 1998; Richards &
Hultin 2002). These two proteins have a heme group (four for Hb and
one for Mb) that harbors an iron atom. This group is capable of bind-
ing different gas molecules (O2, NO, and CO) and the heme iron can
also be in different oxidation states (Fe2+, Fe3+, and Fe4+) all of which
dictates the color of fish muscle, dark muscle in particular. The three
heme states that are of importance for postmortem fish muscle are de-
oxy Hb/Mb, oxy Hb/Mb, and met Hb/Mb (Fig. 3.1). For deoxy Hb/Mb,
the heme is in its reduced state (Fe2+) but not bound to oxygen. This
leads to a purple color and is representative of fresh muscle interior.
For oxy Hb/Mb also the heme is in the reduced state but bound to oxy-
gen (Fe2+ − O2), yielding an attractive red color on the muscle surface,
which penetrates a few mm into the muscle. This complex is relatively
loosely bound and dissociates easily when the concentration of oxygen
is low or pH is reduced (Stryer 1999). For met Hb/Mb the heme has
lost its oxygen and is oxidized (Fe3+), leading to a brown color. Upon
refrigerated storage and particularly frozen storage the heme proteins
in the fish autoxidize, which refers to the conversion of the reduced
(Fe3+) oxy or deoxy forms to the oxidized (Fe3+) met form. This results
in an unsightly brown discoloration of the fish, which is undesirable
to the consumer and affects the value of the fish. This muscle brown-
ing is promoted by various factors. First, the pH in fish muscle drops

Fe2+ Fe2+ – O2

Fe2+ – CO

Fe3+ – H2O
O2 –1e–1

O2

O2

Deoxy-Hb/Mb
(fresh muscle interior)

Oxy-Hb/Mb
(fresh muscle exterior)

Met-Hb/Mb
(aged/frozen/cooked muscle)

CO CO CO

Fig. 3.1 The different oxidation and ligand-binding states of the heme group in
hemoglobin and myoglobin of importance to fish muscle.
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postmortem, and a lower pH will accelerate autoxidation of the heme
proteins (Richards & Hultin 2000). Temperature also has a large effect
on autoxidation. As temperature is increased autoxidation is increased
(Cashon et al. 1997). Also, although very low freezing storage temper-
atures will arrest oxidation, normal frozen storage will accelerate it
(the thawing process also plays a large role). Oxygen tension around
the fish muscle will also influence the rate of oxidation. Heme protein
oxidation is accelerated when oxygen tension is either very low (i.e.,
when the deoxy state is favored) or very high (since the O2 molecule
will promote autoxidation if present in high numbers). Light in display
cases also accelerates oxidation of the heme. Different fish species will
vary in the level and stability of heme proteins as well as the amount
of oxidizing agents in muscle (dark muscle having far more than white
muscle), all of which affect the rate of muscle browning. Proper con-
trol of all these to minimize browning is extremely difficult to achieve
commercially.

So how do we prevent or at least delay browning of fish muscle? Find-
ing a way to prevent the heme proteins from oxidizing does the trick.
The commercial options available to us are few. We can very rapidly
freeze and store fish at extremely low temperatures. This minimizes
denaturation and oxidation of the heme proteins. This is however im-
practical for most fish species and operations. Our second option is
to treat fish muscle with gases to stabilize the heme proteins against
the oxidation. Two gases are available to us, and both bind with great
affinity to Hb and Mb and also stabilize the protein molecule. The gas
that binds heme with the most affinity is nitric oxide (NO), and it is
widely used in processed meats. Nitric oxide binds to heme proteins
with 3000 times more affinity than does CO (Moncada et al. 1991).
This molecule however leads to a pinkish color, which is not appeal-
ing for most fish species and is also unstable when exposed to light
(Livingston & Brown 1981). The second gas molecule we can use is car-
bon monoxide, which binds to Hb and Mb with about 270 times more
affinity than does oxygen (Stryer 1999). This highly toxic molecule,
which is stable both bound and unbound in the product, gives the mus-
cle a bright cherry red color and can be easily and relatively cheaply
acquired. As discussed in other chapters, the two sources of this gas
are industrial gas and various forms of filtered smoke (FS). Of all the
three heme states discussed before, CO can bind readily to the deoxy
state or to the oxy state by displacing oxygen (Fig. 3.2). CO cannot
bind to the oxidized met state since the iron has to be in the reduced
form for binding to occur. There is however evidence that muscle with
oxidized heme proteins does exhibit a significant increase in redness
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Fig. 3.2 The UV–vis spectra of tilapia hemoglobin bound to either oxygen or
carbon monoxide. Binding of carbon monoxide leads to a characteristic upward
shift in heme peak wavelength from 414 to 418 nm, as well as increased intensity
of the heme peak. The two peaks from 500 to 600 nm are also shifted, but to a
lower wavelength.

when treated with CO or FS (see Chapter 9). The possibility exists that
an active reducing system in muscle may reduce the met form back
to the deoxy or oxy forms, which would then be capable of binding
CO (Lanier et al. 1978). The color change seen when fish muscle is
treated with gases containing CO is due to a conformational change in
the area around the heme. This change is demonstrated by a distinct
spectral shift of the heme peak to a higher wavelength and increased
peak intensity when the visible spectra of oxy- and CO-Hb solutions
are compared, and hence the bright cherry red color (Fig. 3.2).

3.2 Carbon monoxide related colors

Several studies have demonstrated that application of CO greatly influ-
ences the red color of muscle but does not have much effect on light-
ness (L*) or yellowness (b*) values (Balaban et al. 2005; Chow et al.
1997; Chow et al. 1998b; Danyali 2004; Demir et al. 2004; Garner
2004; Hsieh et al. 1998; Kristinsson et al. 2003; Ross 2000). A series of
comprehensive studies on several fish species have been conducted by
the University of Florida Aquatic Foods Program (e.g., Danyali 2004;
Demir et al. 2004; Garner 2004 & Balaban et al. 2005; Kristinsson
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et al. 2003; Ross 2000). Detailed investigations were conducted to in-
vestigate color and color changes on CO or FS treatment by using two
distinct color analysis systems: a hand-held Minolta colorimeter and
a color machine vision system (CMVS). Both these systems measured
L* (lightness), a* (redness), and b* (yellowness) values. However, the
CMVS measures every pixel of a picture taken of the samples, while
the Minolta measures only one measurement area. In our studies we
have also compared different levels and sources of CO.

All species we have tested have demonstrated a significant increase
in redness upon CO or FS application. The level of redness achieved
is affected by a number of different factors. Percentage of CO in the
gas mixture has an influence on CO binding to the muscle and thus
level of redness achieved. Figure 3.3 shows a* values for yellowfin
tuna steaks after 48 h in different CO gas concentrations. The 100%
CO treatment led to the highest increase in redness followed by FS
(which had 18% CO) and 18% CO, while 4% CO gave the smallest
increase in redness. A similar connection between level of CO and
redness increase was seen in the red muscle of mahimahi (Fig. 3.4)
and other species. This increase in redness is related to the amount of
CO bound to the heme proteins in muscle. The 100% CO treatment
has significantly higher levels of CO in the muscle after treatment as
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Fig. 3.3 Increase in a* value (redness) of yellowfin tuna steaks after treatment
for 48 h in different gas environment. Level of CO in muscle is shown for the
100% CO and FS treatments (18% CO). a* values were measured with a Minolta
colorimeter.
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Fig. 3.4 Increase in a* value (redness) of mahimahi red muscle (fillets) after
treatment for 48 h in different gas environment. Level of CO in muscle is shown
for the 100% CO and FS treatments (18% CO). a* values were measured with a
Minolta colorimeter.

compared to the FS treatment (data not shown). The higher level of
CO binding to mahimahi red muscle compared to the tuna muscle is
explained by the fact that the mahimahi red muscle has significantly
higher levels of heme proteins and thus more binding sites for CO.
Chow et al. (1998a) found that higher CO levels were found in fish flesh
with higher Mb concentrations. When heme proteins are extracted
from treated fish muscle it can be seen that the heme peak for the
100% CO treatment is at a higher wavelength than the heme peaks
for the other treatments, which indicates that more CO is bound to
the heme proteins for the 100% CO treated muscle compared to other
treatments (Fig. 3.5). It is however worth noting that not all the CO
measured in muscle is bound to Mb or Hb and that there is a significant
amount of residual CO in the muscle tissue, for the 100% CO treatment
in particular. This residual amount can be an important supply of CO
to the heme proteins during storage, as they can take up more CO and
thus lead to an extended red color on storage.

One drawback of CO/FS application is that white muscle will also
take up CO. Although white muscle has significantly lower levels of
heme proteins than does dark muscle (Miyazaki et al. 1997), it has
enough to lead to a significant binding of CO and increase redness
to a level not acceptable to some consumers. This can be particularly
problematic if the fish white muscle has bruises or punctures that will
become highly visible after CO treatment. Results for mahimahi white
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Fig. 3.5 Effect of different gas treatments on the increase in heme peak wave-
length for heme protein preparations extracted from the muscle of three different
species.

muscle are shown in Fig. 3.6, where it is clearly demonstrated that CO
and FS treatment gives an increase in redness and CO content (data not
shown), and this is related to the level of CO used. Only about half the
time is needed to get maximum binding of CO, and thus redness, for
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Fig. 3.6 Increase in a* value for white muscle of mahimahi (fillets) after treat-
ment with 100% CO and FS (18% CO). Level of CO in the muscle is shown for
each treatment. a* values were measured with a Minolta colorimeter.
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Fig. 3.7 Influence of gas treatment (100% CO and FS (18% CO)) time on increase
in a* value for yellowfin tuna steaks (change in a* value shown). a* values were
measured with a color machine vision system.

white muscle compared to red muscle. Therefore, proper treatment
time becomes important especially for white-fleshed species.

Application time is another important variable when treating fish
with CO or FS. It can be seen in Fig. 3.7 how different application
times affect surface color of tuna steaks. A limited increase in redness
was seen after 16 h, while a maximum redness level was achieved
after 48 h. Ross (2000) demonstrated that longer treatment times are
required for lower CO concentrations (4% CO) compared to higher
(100% CO). Chow et al. (1998b) reported that it took 100–120 h to
result in maximum CO uptake into muscle with 99.5% CO treatment.
During the same time a significant increase in a* value was seen, and it
took 24 h for the center of the muscle (4–6 mm from surface) to reach
a stable a* value. A stable a* value was reached before CO muscle
saturation occurred because the a* value is dictated only by the level
of heme protein saturation and not overall muscle saturation. Muscle
uptake of CO will continue well after the heme proteins have been
saturated.

Another variable that influences CO binding and redness is the tem-
perature of the muscle. CO has very low solubility, but as temperature
is reduced its solubility increases (Daniels & Getman 1948). It could
therefore be expected that fish muscle (which is ∼60–80% water) at
lower temperatures will take up more CO and thus lead to more rapid
increase in redness. However, the opposite is seen. Figure 3.8 shows
the effect of treating tuna with 100% CO and FS at 4◦C and 20◦C. The
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Fig. 3.8 Influence of temperature (4◦C and 20◦C) during gas treatment with
100% CO and FS (18% CO). a* values were measured with a Minolta colorimeter.

steaks at 20◦C give a higher redness value than those at 4◦C and also
had higher levels of CO. This may be explained by more binding of CO
to the heme proteins. The heme proteins in tuna are adapted to warm
water temperatures and thus will have greater structural flexibility and
presumably higher CO binding capability at 20◦C compared to 4◦C.
However, at higher temperatures there is also a greater chance of heme
protein oxidation (Kristinsson et al. 2005), which would work against
CO binding. If CO is present at the higher temperature (see Fig. 3.8),
then it will work against the oxidation and allow for CO binding.

Not only does red color increases upon CO treatment but red color
stability on freezing as well as refrigerated storage also greatly in-
creases. This is the main benefit and purpose of CO treatment as it
allows for freezing fish muscle without negatively affecting muscle
color. It is well known that typical commercial freezing converts the
red muscle to a brown color as a result of the oxidation of heme pro-
teins. The thawing process is also instrumental in accelerating brown-
ing (i.e., heme protein oxidation), and frozen and thawed fish muscle
browns far quicker than does unfrozen muscle during refrigerated stor-
age (Danyali 2004). Figure 3.9 shows color results for tuna after 48 h
of treatment, followed by 30 days of freezing at −30◦C, and then sub-
jected to refrigerated storage (4◦C) after thawing. It is interesting to
note that after freezing and thawing a significant increase in redness
occurs. The same has been seen with mahimahi. Chow et al. (1997)
also found that red color increased during the initial months of frozen
storage of CO-treated tuna (99.5% CO). This could be due to dissolved
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CO being bound during thawing to heme proteins unbound to CO.
The untreated muscle shows a decline in a* value as a consequence
of muscle browning. The CO treatments are effective in stabilizing the
red color. As shown in Fig.3.9 for tuna, even after 8 days of refrigerated
storage all CO treatments, except 4% CO, were still at or above the orig-
inal a* value before treatment, while the untreated tuna continued to
oxidize. The lower color stability of 4% CO can be attributed to less CO
binding to the heme proteins. Even though color was highly acceptable
after 8 days, all samples were significantly spoiled as could be judged
by very high levels of aerobic microorganisms and odor. The decline
in red color of tuna and other species tested is found to follow closely
the decline in CO binding to heme proteins, and therefore if less CO is
bound after treatment, red color is less stabilized (Danyali 2004; Garner
2004). Studies with mahimahi and Spanish mackerel have furthermore
demonstrated that red color stability of white muscle exceeds that of
red muscle, possibly since the conditions for heme protein oxidation
are more favorable in dark vs. white muscle (Hultin 1994).
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Fig. 3.10 Autoxidation of tilapia oxy-hemoglobin and CO-hemoglobin to met-
hemoglobin at 4◦C and −30◦C. Samples were at pH 7 and in 50 mM sodium
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The reason behind this color stability is that the more CO is bound,
the more stabilized the heme proteins are to both oxidation of the
heme iron and to denaturation of the protein structure. Basic research
on the effect of tilapia Hb has demonstrated that when Hb is bound
to CO it becomes remarkably stable to oxidation during both frozen
and refrigerated storage (Fig. 3.10) (Kristinsson et al. 2005), which
explains the significant color stabilization. After CO binding, heme
proteins also become significantly more thermally stable and will thus
oxidize at a slower rate at a given temperature than do oxygenated
heme proteins. This can be seen in Fig. 3.11 where CO- and FS-treated
tuna is held at 45◦C for up to 24 h and decline in surface a* value is
recorded with time. It took about 8 h for the FS samples to reach a*
value representing untreated fresh tuna, while it took about 24 h for
the 100% CO treated muscle to reach the same a* value decline. This
opens up the possibility of thermal abuse without a significant change
in muscle color.

The color stability of CO- or FS-treated fish muscle is different for
fresh fish compared to frozen/thawed fish. In Fig. 3.12a and b red color
stability of mahimahi red muscle is shown after treatment (24 h) with
100% CO or FS. Figure 3.12a shows fillet portions that were subjected
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Fig. 3.11 Decline in a* value for untreated and gas-treated (100% CO and FS
(18% CO)) yellowfin tuna incubated at 45◦C (113◦F).

to a 30-day frozen storage period (−30◦C) after gas treatment and refrig-
erated storage, while Fig. 3.12b shows treated fillet portions that were
subjected directly to refrigerated storage (4◦C). As before, the 100%
CO treatment led to a higher increase in redness than FS. After the
frozen storage, the redness had increased for the 100% CO treatment
(due to more CO binding) but was not significantly different for the FS
treatment. When refrigerated storage was compared for the fresh vs.
previously frozen treated mahimahi, the color stability was markedly
different. The fresh 100% CO treated mahimahi showed a decrease in
a* value, but after 8 days of storage it still had a* value above what it had
before treatment. The previously frozen 100% CO treated mahimahi
showed a more rapid decline in a* value, and reached its pretreatment
value after less than 4 days at 4◦C, thus having only half the red color
stability of the fresh-treated mahimahi. The FS treatment showed sim-
ilar color stability for fresh vs. previously frozen mahimahi. The lower
color stability for the 100% CO treated frozen fish is likely seen because
thawing accelerates the oxidation of heme proteins (Chow et al. 1989)
since the heme protein structure is destabilized, in addition to cellular
damage on freezing resulting in the release of compounds, which can
accelerate oxidation of heme proteins (Hultin 1994).

In the above-mentioned studies fish muscle was treated for a speci-
fied time in CO and FS and was then removed from the gas before freez-
ing and/or refrigerated storage. Maintaining CO in the environment
around fish muscle has an even more dramatic effect on color stability.
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Fig. 3.13 Effect of maintaining mahimahi fillets in different gas environment or
air for 14 days on a* value of red muscle. a* values were measured with a color
machine vision system.

Studies demonstrated that keeping Spanish mackerel and mahimahi
fillets in the same gases shown in Fig. 3.9 (4% CO, 18% CO, FS, and 100%
CO) at 4◦C for 8 and 14 days, respectively, very effectively stabilized
the muscle color, even though significant spoilage occurs after about
6 days of storage (Demir et al. 2004; Garner 2004). Figure 3.13 shows
that a* values remained very high throughout storage in the gas at
levels above that of fresh untreated muscle. Analysis of heme proteins
revealed that they were still strongly bound to CO at the end of the
experiment, which explains the high color stability.

Although fish fillets and steaks subjected to CO and FS in bags, con-
tainers, or chambers is the most common treatment method and is
highly effective, it is also worth noting that one can also very effec-
tively apply this technology on live fish. This is now being practiced
in the aquaculture industry. Although CO has low solubility in wa-
ter, enough CO can be incorporated with closed recirculating systems
since only low concentrations of CO need to be taken up through the
gills to euthanize the fish. While it may take hours to get proper CO
binding in fillets or steaks, it takes normally less than 30 min to eutha-
nize fish with this technique (Mantilla et al. 2005). Figure 3.14 shows
the effect of euthanizing tilapia with 100% CO for 30 min compared
to treating fillets of tilapia for 30 min in 100% CO (within 30 min of
killing the fish, which is a typical industrial practice). It is clear that the
euthanasia treatment is very effective and has even higher a* values
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Fig. 3.14 Increase and stability of a* value after either euthanizing tilapia for
30 min in CO-saturated water (100% CO recirculated into a closed system) or
treating fillets (30 min postmortem) for 30 min with 100% CO. After CO euthana-
sia, fish were filleted and fillets from both groups were subjected to refrigerated
storage (4◦C) in air permeable bags for 8 days. a* values were measured with a
color machine vision system.

than the gassed fillets (Fig. 3.14). Analysis of the muscle revealed that
all the heme proteins were occupied with CO after euthanasia. There
are several advantages to this application technique. First, it is very
rapid. Second, it gives a consistent CO uptake and thus consistent red
color increase and stability. Consistent uptake and uniform color can
be a problem for fish fillets and steaks, as their heme proteins can be at
varying stages of oxidation. Third, since the method involves treating
whole fish, CO-treated fish can be sold in both its whole form or as
fillets, extending the product base of the processor. This is important,
as whole fish can now be frozen without adverse color changes in its
dark muscle.

3.3 Identifying CO- or FS-treated products

Because of the growing use of CO and FS to treat seafood, and possi-
ble misuse of the technology as well as regulatory restrictions by many
governments (e.g., Japan, Canada, and most European countries), it is
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essential to be able to detect whether products have been treated.
Color has been suggested as a detection method, but this has major
drawbacks. The National Marine Fisheries Service (NMFS) is suggesting
a color threshold of a* = 16.2 for tuna, thus assuming that all products
above this threshold are treated with CO or FS. However, very fresh
tuna can also have a* values above this level. In addition, it is relatively
easy to treat products with CO or FS in a well-controlled manner with
the goal to stay below the threshold, in which case the product would
pass as untreated. It is therefore very important to have good ana-
lytical as well as qualitative methods (other than color) to accurately
determine if products have been treated. There are different analytical
options available to quantitatively detect if CO is present in fish mus-
cle. The most well known and well developed is gas chromatography
(GC), which is the basis for the Japanese official detection method,
where CO has to be extracted from muscle by denaturing the heme
proteins at low pH (sulfuric acid) then extracting the heme with or-
ganic solvents and heat. A sample of the extracted CO is then injected
into a packed column in the GC unit where it is separated from other
gases (e.g., CO2) and then converted to methane with a methanizer
and detected with a flame ionization detector. This method gives excel-
lent sensitivity but is tedious and requires some technical competence
as well as costly equipment. As an official detection method however,
this is the method to use. An example of a typical GC chromatogram
for CO extracted from treated and untreated tuna is shown in Fig. 3.15.
It is evident that the CO peak is significantly larger for the 100% CO
treated sample compared to the FS sample and hence that sample has
a higher CO concentration. It is interesting to note that these two sam-
ples had very similar a* values even though CO levels were markedly
different. This suggests that both samples had all their heme proteins
saturated with CO and there is excess unbound CO in the 100% CO
treated muscle. This supports the earlier discussion in this chapter on
color and CO levels.

The protocol for the official Japanese method calls for a threshold
of 20 mg CO per kg muscle. Again, as with color, it is possible to go
under this level for treated products. However, there are additional
components to the Japanese procedure that address this. If a fish sam-
ple shows an increase in CO levels on cold storage it is believed to be
untreated (since CO is produced naturally in postmortem fish muscle).
On the other hand, if the CO level declines on storage, this is an indi-
cation of a treated product, in which case it would be rejected. This is
based on studies by Ishiwata et al. (1996) who demonstrated that on
refrigerated storage the CO levels in CO-treated tuna and tilapia were
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found to drop, while naturally occurring CO levels in untreated fish
were found to increase with time. This GC method is being further
improved by the Aquatic Foods Program at the University of Florida.

In addition to good analytical methods there is a need for sim-
ple, inexpensive rapid detection methods. These methods may not
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Fig. 3.16 UV–vis spectra of heme protein extracts obtained from Spanish mack-
erel dark muscle after a 24 h treatment (4◦C) in different gases containing
CO.

quantitatively measure CO concentrations but can rather indicate the
presence or absence of CO in the muscle. Much research and de-
velopment to address this need has taken place in the Aquatic Food
Program at the University of Florida. One method involves a simple
extraction of heme proteins from fish muscle by using slightly alka-
line low ionic strength solution conditions and centrifugation (Huo &
Kristinsson 2005). The UV–vis absorbance of the resulting supernatant
is then read in a spectrophotometer. The overall procedure can take
less than 15 min to complete. The presence or absence of CO binding
to the heme proteins can be determined based on the absorbance
wavelength of the heme peak (Fig. 3.16). When heme proteins
are bound to oxygen, their heme peak exhibits characteristic ab-
sorbance maxima at 413–414 nm. However when CO is fully bound
to heme proteins, the absorbance peak is at 418–419 nm. When heme
proteins are fully oxidized (i.e., when dark muscle is brown as is
the case for aged fish muscle), the peak occurs before 405–408 nm.
Any heme protein extract exhibiting a maximum absorbance peak at
415 nm and above would therefore represent a muscle sample that has
bound CO (hence a treated product). The method has been tested on
a variety of species and product forms with good success. The method
does however have its limitations as it will determine only the heme-
bound CO and not the unbound CO in muscle. There is also always a
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chance that a product showing values less than 415 nm may still have
some of its heme proteins bound to CO, i.e., have a mixture of heme
protein species (some bound to CO and some not), in which case it
could not be determined if the product has been treated. This scenario
can occur for fish muscles that are significantly brown (i.e., oxidized)
before CO is applied (i.e., may have been frozen prior to treatment
or may have been treated after a few days of storage). CO treatment
of these raw materials will lead to only partial CO binding to heme
proteins. Also, on refrigerated storage the CO will eventually be re-
leased from the heme proteins as they oxidize (although significantly
slower than oxygen-bound heme proteins), which can also lead to a
reading below 415 nm. However, the method is effective for the bulk
of CO-treated samples as they enter the market, and it is rapid.

Other methods involve chemical reactions of the CO molecule,
which lead to color changes that can be detected with the naked eye.
These methods vary in their sensitivity depending on the chemicals
used and their level. One method involves using commercially avail-
able CO detection tubes (e.g., from the Dräger Company in Germany),
which are used to determine CO ppm concentration in air. For CO
determination, the fish is placed in a gas tight chamber and CO forced
off into the headspace with gentle heating to denature the heme
proteins. A sample of the headspace is then drawn into the tubes
and CO reacts with a chemical that produces a red color. The more
the CO in the headspace the more will it react in the tubes and the
higher the ppm reading on the tubes (Fig. 3.17). The tubes are how-
ever not particularly sensitive as they have a lower limit of 2 ppm
and a higher limit of 700 ppm. There is therefore a chance that
some treated product may go undetected. Rapid detection kits are
being developed by researchers at the University of Florida Aquatic
Foods Program, based on CO color reactions that can very quickly
and economically determine if products have been treated with CO
or FS.

The question of detection now goes beyond just the presence of the
CO molecule in the fish. The above methods are not able to determine
the source of CO, i.e., cannot differentiate whether CO came from an
industrial gas or FS. In certain countries, products processed with in-
dustrial CO are banned but products processed with FS are not. Both
would register CO upon analysis, thus FS-treated products may run the
risk of being rejected. It is therefore imperative to determine whether
products are FS treated. Our research team has been working on de-
veloping tests to differentiate between CO- and FS-treated products,
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Fig. 3.17 The headspace above a piece of tuna sampled into a CO-detection
tube. (a) Color reaction in a tube after headspace was drawn from tuna treated
with 100% CO. The color reaction gives a ppm reading for the headspace,
which can be used to calculate the ppm level of CO in the fish sampled.
(b) The tube after sampling headspace of untreated tuna. No color reaction
occurred.

using both conventional gas chromatography with flame ionization
detection (GC–FID) and gas chromatography with mass spectrome-
try detection (GC–MS), targeting specific volatile compounds in the
FS-treated products. The chromatograms in Fig. 3.18 show analysis
of the headspace above tuna samples treated with 100% CO or FS.
Volatiles were forced off the tuna by rapid microwave heating. The FS-
treated samples can be clearly detected as they have a different chro-
matogram than the 100% CO treated samples that registered no peaks.
Two peaks consistently show up only for the FS-treated fish, which also
show up for the smoke itself when analyzed. The gas chromatogram
can therefore be used as a fingerprint for FS-treated products. The
GC–FID detection however does not identify specific volatile com-
pounds. For this, more detailed separation and detection is required
using GC–MS. A GC–MS chromatograph of FS is shown in Fig. 3.19.
The chromatograph clearly shows that FS has a large number of volatile
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Fig. 3.18 Gas chromatograms for samples taken from the headspace above tuna
treated with FS (18 % CO) or 100% CO. The treated tuna was heated in a microwave
in a gas tight tube to force off volatile compounds into the headspace. Samples
were separated on a packed column and detected with a flame ionization detector.
A gas chromatogram of the FS is also shown. The headspace above the FS-treated
tuna shows two peaks that are found in the smoke, which can be used to identify
it as a smoke-treated product. The 100% CO gas exhibited no peaks (not shown),
just like the headspace above the 100% CO treated tuna.

compounds. An industrial gas with CO however does not (not shown).
Methods are now being developed to analyze specific compounds
to determine more precisely and with more sensitivity than GC–
FID if products have been treated with FS rather than industrial CO
gases.
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4

HUMAN ABSORPTION OF CARBON

MONOXIDE WITH CONSUMPTION

OF CO-EXPOSED TUNA

Matthew P. Davenport, Paul W. Davenport, Hordur
G. Kristinsson, and W. Steven Otwell

4.1 Introduction

Yellowfin tuna (tuna) is a “red meat” fish. The red color of the meat
is due to the presence of myoglobin. Myoglobin is an oxygen trans-
port protein found in type I and type IIA oxidative muscle fibers. The
myoglobin molecule has one heme group associated with the globin
protein. The heme is an iron-based subunit. The oxidative state of the
iron is responsible for the red color of the protein (Kanner et al. 1987).
When the heme is bound to oxygen, the color is bright red. How-
ever, when the heme is unbound, a darker color results (Livingston
& Brown, 1981). Carbon monoxide (CO) can compete with oxygen
(O2) for the heme-binding site. CO has a much greater binding affin-
ity for the heme subunit and will displace the O2 if both are present
(Sorheim et al. 1997). The strong binding affinity of the CO, while
reversible and concentration dependent, results in a much slower dis-
sociation than oxygen. The CO concentration for 80% heme binding
in hemoglobin in the blood of humans can be as small as 0.30–0.40%
concentration of CO in air for 3–5 min (Kalin 1996), whereas it takes an
18% concentration of O2 in air to get 80% heme binding of hemoglobin.
The CO competitively binds to the heme, will displace O2 and will bind
preferentially to the heme protein, and binds with a much greater affin-
ity than does O2. Practically this means that carbon monoxide will bind
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to more heme molecules, will saturate all the available heme binding
sites at low concentrations, displace oxygen, and stay bound for long
periods of time (El-Badawi et al. 1964). Hence, the CO-bound myo-
globin has a similar, yet brighter, red color of oxygen-bound myoglobin.
This property is what causes the preservative effect of the myoglobin
color of CO-treated yellowfin tuna, fresh or frozen (Chow et al. 1997,
1998a, 1998b).

Tasteless smoke and carbon monoxide are used as a preservative
in the preparation of tuna and other red meat products for packaging
and freezing (Hahn 2000). Tasteless smoke contains 4–35% CO, while
carbon monoxide gas applications often involve the use of ∼100% CO.
At the lower CO levels, the tasteless smoke contains similar levels of
CO as wood/charcoal smoke used for cooking meat. Tuna treated with
tasteless smoke at ∼4% CO and tuna treated with conventional smoke
contain comparable levels of carbon monoxide, carbon dioxide, hy-
drocarbons, and phenols (Chow et al. 1998a). The red coloration ef-
fect occurs from this preservative process, which is caused by the CO
binding with the heme proteins in treated red meat. One of the health
risks of eating CO-exposed tuna is the release of CO during mastica-
tion and digestion of treated tuna with subsequent CO absorption into
the blood. The mouth and stomach are highly vascularized and car-
bon monoxide is highly diffusible through body tissues. Hemoglobin
has a very strong binding affinity for carbon monoxide and will ab-
sorb the released CO. Carbon monoxide diffuses from the blood into
the lung and is present in the exhaled air in a concentration directly
proportional to the amount in the blood. Measurement of exhaled CO
in human subjects with normal lungs is directly proportional to the
CO level in the blood and is a reliable measure of blood CO. It is un-
known, however, if ingestion of tasteless smoke exposed yellowfin
tuna will result in the release of CO into the body. Carbon monoxide
has some water solubility. The CO must be dissolved to transfer by dif-
fusion to the heme protein. CO treatment of tissue will result in initial
absorption of the CO into the extracellular fluid (ECF). The CO then
diffuses across the cell membrane and is present in the intracellular
fluid (ICF). The heme protein absorbs the CO from the ICF generating
a concentration gradient for CO to move into the cell. This means there
are three tissue CO pools: ECF, ICF, and protein-bound CO. The con-
centration of CO in the two dissolved pools (ECF and ICF) is a function
of the partial pressure of CO (PCO). The dissolved ICF PCO determines
the protein-bound CO based on the CO-myoglobin dissociation curve.
During human consumption of CO-exposed meat, CO will be released
from all three storage pools. Mastication of the tissue will facilitate the



Human Absorption of CO 55

release of the ECF dissolved CO, which is absorbed by the highly vas-
cularized mouth mucosa. Stomach digestion of tuna proteins should
break down the cell membranes releasing the ICF-dissolved CO. In ad-
dition, exposing myoglobin to pepsin-related protein degradation in
the stomach will result in degradation of myoglobin. The break down
of the myoglobin will destroy the ability of the myoglobin to bind CO
and induce the release of protein-bound CO. Thus, CO from all the
three tissue storage pools will lead to the diffusion of CO into the
blood where it will bind to blood hemoglobin. Hence, if CO-exposed
meat is consumed, then the CO would be released within a time win-
dow of 5–30 min after ingestion of the tuna. The free CO will diffuse
into the blood where it is reversibly bound to the hemoglobin. CO
would be released into the alveolar space during gas exchange in the
lung and released into the atmosphere with exhalation of the alveolar
gas. It is hypothesized that ingestion of CO-exposed tuna will result
in the absorption of CO in adult humans. It is further hypothesized
that the absorbed CO will increase exhaled CO within 30 min after
eating CO-exposed tuna. This hypothesis was tested in human volun-
teers consuming CO-exposed tuna sushi and unexposed tuna sushi in
a repeated measured, double blind study. The tuna sushi was prepared
according to restaurant standards and served to nonsmoking subjects
experienced in eating sushi. The exhaled CO was measured at fixed
time intervals for 60 min after the subjects completed consumption of
the tuna.

4.2 Methods

4.2.1 Subjects

Eleven adult subjects were tested; five males and six females. The
subjects had a mean age of 29.3 years; 27 years for the males and 30.1
years for the females. The subjects were tested in the University of
Florida’s Department of Food Science and Human Nutrition taste panel
facilities. The project was reviewed and approved by the Institutional
Review Board of the University of Florida. The subjects were informed
of the nature of the study and their consent was obtained.

4.2.2 Carbon monoxide measurement in tuna

Uncooked tuna that was treated with 100% CO and 4% CO, and unex-
posed tuna was weighed and placed in a 500-ml container and sealed.
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The tuna was placed in a refrigerator for 24 h. The containers were re-
moved from the refrigerator and a needle inserted into the headspace
air. A standard volume of headspace air was drawn through CO mea-
surement tubes (Dräger, Inc., Pittsburgh, Pa). The concentration of
CO in the headspace air was recorded. Tuna exposed to 100% CO was
then cooked in a microwave oven for 2 min. The cooked tuna was
weighed and transferred to a new 500-ml container. The cooked tuna
sample was refrigerated for 24 h and then the headspace air sampled for
CO.

4.2.3 Human subject experimental preparation

The experimental protocol flow chart is presented in Fig. 4.1. The
subject initially received a pulmonary function test (PFT) using im-
pulse oscillometry (Sansormedics, Inc., Yorba Linda, CA) and forced
vital capacity (FVC). The amount of air expired in 1 s during the
FVC test was measured as the forced expired volume in 1 s (FEV1).
The FEV1/FVC ratio was calculated. The measured FVC, FEV1, and
FEV1/FVC were divided by the predicted values to obtain the percent
predicted pulmonary function. A minimum airway resistance, FVC,
FEV1, and FEV1/FVC of 70% predicted was required for the subject
to continue in the experiment. The lung CO level was measured by

Experimental Protocol

TRIAL 1 Subject recruited

Consent obtained

PFT

Wait 48 hours

Schedule Trial 2

Timed CO measurements:
5, 15, 30, 45, 60 min

100 gm tuna
consumed in 10 min

Baseline CO
measurement

Transport to testing
facility

TRIAL 2

Random assignment of
trial order

Transport to testing
facility

Baseline CO
measurement

100 gm tuna
consumed in 10 min

Timed CO measurements:
5, 15, 30, 45, 60 min

Fig. 4.1 Flow chart representation of the experimental protocol.
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asking the subject to exhale for a single breath into a CO gas mea-
surement device (CO Sniffer, Bacharach, Inc.). Unexposed yellowfin
tuna was obtained from a local seafood distributor and was graded as
sushi quality. The uncooked tuna was then exposed to 100% CO for
6 h. Paired samples of unexposed tuna were obtained from the same
tuna steak. The tuna was then cut into slices using federal standards
to ensure the quality and health safety standards of the food being
prepared. The slices of tuna were approximately 1 in. by 1 in. square
and 1/2-in. thick. The tuna slices were grouped into 100-g portions,
put into standard resealable plastic bags, and frozen for 24 h before
consumption. This ensured the CO samples would not loose CO in the
meat.

4.2.4 Experimental protocol

A cross-over, repeated measures experimental design was used. There
were two trials (exposed and unexposed) with the subjects partici-
pating in both the trials. Each subject was randomly assigned to test
order. The baseline CO was measured in the expired air by having
the subject take a deep breath then exhale the “half” of their breath
into the room and then exhale the remaining half into the collection
device assuring an alveolar gas sample for CO analysis. The subjects
then consumed the tuna within 10 min. Since the color of tuna was
changed due to the exposure of CO, a red light was used in a food-
testing booth to prevent the subjects from detecting the sample type.
The subjects were allowed to use soy sauce and/or wasabi on their
tuna. The sauces had no effect on CO absorption. The exhaled alveo-
lar gas sample was then obtained 5 min after the subjects completed
consumption of the tuna. Alveolar gas samples were obtained 5, 15,
30, 45, and 60 min after completion of tuna consumption. After the
60-min time point, the subjects were rescheduled for the second
crossover experiment.

4.2.5 Data analysis

The CO concentrations for each condition (CO-exposed tuna or un-
exposed tuna) and time point were entered into the spreadsheet. The
CO concentration and the change in CO concentration from precon-
sumption baseline were both recorded. A repeated measured two-way
ANOVA was used to test for CO condition and sample time. If a sig-
nificant difference was detected, a paired t test with a Bonferroni cor-
rection was used to test for condition (exposed versus unexposed)
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Table 4.1 Concentration of CO in headspace gas measurement.

CO exposure Sample size (gm) [CO](ppm/gm) Treatment

Unexposed 48 0 Refrigerated raw
4% 40 0.05 Refrigerated raw
100% 41 0.36 Refrigerated raw
100% 36 0.27 Cooked

and time within condition. The significance level was set at p < 0.05
and then corrected by the Bonferroni method for repeated measures
within a test.

4.3 Results

The headspace gas in the refrigerated tuna samples had increased CO
concentration as a function of the concentration of the CO exposure
(Table 4.1). There was no measurable CO in the headspace gas of the
unexposed tuna samples. A significantly greater CO concentration was
measured in the headspace gas for the 100% CO exposed samples than
in that of the 4% CO exposed samples. Cooking the CO-exposed tuna
in a microwave oven retained CO as measured by an increase in CO in
the headspace gas.

The pulmonary function tests were normal in all subjects, and FEV1,
FVC, and FEV1/FVC ratio were equal to or greater than 70% predicted.
The baseline CO for all subjects on the first experimental trial was less
than 15 ppm, which corresponds to <3% COHb. The mean baseline
CO for three subjects on their second experimental trial was greater
that 25 ppm because these subjects were exposed to cigarette smoke
and car exhaust fumes within 24 h of testing. These subjects were
excluded from data analysis. The baseline CO for the remaining eight
subjects was not significantly different from their first trial baseline
CO.

The mean baseline unexposed tuna exhaled CO concentration was
4.625 ppm. The mean baseline exposed tuna exhaled CO concentra-
tion was 4.125 ppm. The baseline CO measurements (before consump-
tion of the tuna) with unexposed and exposed trials were not signifi-
cantly different. After the consumption of unexposed tuna, there was
no significant difference between baseline CO and each time point
CO measurement. Repeated measures ANOVA showed no significant
difference in the exhaled CO after eating unexposed tuna.
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Fig. 4.2 Relationship between exhaled CO and sampling period after consum-
ing 100 g of CO-exposed tuna. The concentration of CO in the exhaled air was
determined over 60 min. Filled circles represent the absolute CO concentration.
Filled squares, delta CO, represent the difference between the preconsumption
baseline and the CO measured subsequent to tuna sample consumption.

The exhaled CO increased on the first time period after the subjects
completed consumption of the exposed tuna (Fig. 4.2). The change
in CO from baseline increased significantly by 2.6 ppm at the 5-min
time point (Fig. 4.3). While the change in exhaled CO was greater
than baseline throughout the measurement period, the increase did
not reach significance except for the 5-min measurement period.
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Fig. 4.3 Relationship between the change in CO from baseline preconsumption
and each postconsumption time point. Filled squares represent the change in CO
from baseline after the subjects consumed 100 g of CO-exposed tuna. Filled circles
represent the change in CO from baseline after the same subjects consumed
unexposed tuna.
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4.4 Discussion

The measurement of CO in the headspace gas of CO-exposed, refrig-
erated tuna means the CO was released by diffusion from the extra-
cellular space of the tuna tissue. CO was bound to the myoglobin
as indicated by the color change (Chow et al. 1997; El-Badawi et al.
1964; Kanner et al. 1987), which means CO was at equilibrium with
the ICF and ECF. Mastication disrupts the intercellular matrix releas-
ing the ECF into the mouth. The CO is thus available for diffusion to
the mouth mucousal membrane where the CO will diffuse into the
blood supplying this tissue. It is also likely that some of the cells are
also disrupted by mastication and intracellular stores of CO will be
released in the mouth. Thus, the primary sources of CO for initial ab-
sorption are the extracellular and intracellular dissolved CO stores. CO
is released from within the cell as it is disrupted during mastication.
This promotion of diffusion into the surrounding fluids, e.g., mouth,
esophagus, and stomach, is likely the primary cause for the rapid up-
take of CO upon consuming CO-exposed tuna sushi. This is due to the
rapid transfer of CO across the cell membrane into the blood stream.
Heating the tuna to a level that denatures the muscle proteins proba-
bly releases the myoglobin-bound CO. However, the cooked tuna CO
level in the headspace measurement was only slightly less than the
uncooked tuna CO level. This suggests that the headspace CO concen-
tration is a function of the CO dissolved in the ECF, which is unaffected
by the cooking and cooling process used in this experiment. This also
suggests the CO in the headspace originates from the CO released into
the headspace gas from the ECF. In addition, this suggests that cooking
CO-exposed tuna may reduce the total CO in the sample by decreas-
ing the myoglobin-bound and hemoglobin-bound CO concentration,
but the tuna retains CO in the dissolved form even with cooking. The
amount of CO is a function of the exposure/treatment level and the
size of the meat sample. Thus the uptake of CO by humans eating
CO-exposed meats should be directly related to the treatment concen-
tration and the amount of the product consumed.

The parts per million (ppm) reading that is given from the CO an-
alyzer can be translated into percent CO in the blood or percent CO
bound (Table 4.2) to the available hemoglobin (COHb). The exhaled
air CO reading can be converted into a COHb using a prediction table
(Table 4.2). The increase in COHb, based on the expired CO con-
centration corresponds to approximately 1% COHb increase above
baseline at the 5-min time point. The CO in the expired air reaches a
peak and then declines toward baseline. The exhaled CO is elevated
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Table 4.2 CO breath analysis module: Relationship
between exhaled CO in ppm with blood COHb.

Exhaled CO (ppm) COHb%

5 1
10 2
15 3
20 4
25 5
30 5
35 6

Source: http://www.phymac.med.wayne.edu/FacultyProfile/
penney/COHQ/COdanger/codanger14.htm. Modified from
the Bacharach, Institute of Technical Training manual, 1999.

throughout the test period but is only slightly above baseline at the 60-
min sample time. The significant increase in CO at the earliest 5-min
time period suggests that the initial rise in CO is due to mouth absorp-
tion of CO. The mouth is highly vascularized and the CO absorbed
into the mouth mucousal venous circulation will be transported di-
rectly to the right atrium and right ventricle of the heart and then im-
mediately pumped into the pulmonary circulation. This delivers the
blood to the lungs where CO will diffuse into the alveolar gas and then
exhaled. This initial rise is then sustained for several minutes by the
masticated tuna reaching the highly vascularized stomach. The pro-
tein digestive enzymes in the stomach will fully disrupt the tuna tissue
structure releasing all protein-bound CO into the chyme of the stom-
ach. The liquid chyme will allow the CO to diffuse to the vascularized
stomach mucousal wall and the CO will be absorbed into the portal
venous blood. This blood supply goes through the liver and then into
the systemic venous circulation. This systemic venous blood is then
delivered to the right atrium of the heart and follows the same delivery
path as the venous blood coming from the mouth. Again, CO will be
delivered to the lung where the CO is released and eliminated from
the body. The absorption of CO from the stomach requires a greater
time than mouth absorption and is probably the source of the elevated
CO from the 15–60 time periods. The fundamental significance of this
finding is that CO can be absorbed from consuming CO-exposed tuna
sushi and this CO absorption can be measured as an increased exhaled
CO concentration. Secondly, this study demonstrates that CO absorbed
from eating CO-exposed tuna sushi is rapidly removed from the blood
by exhalation of the CO.
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The normal level of CO naturally produced in the body is approxi-
mately 0.3–0.7% COHb, and environmental factors may increase blood
CO to 1–2% COHb (Sorheim et al. 1997). This level is further increased
to 3–8% COHb in smokers (Sorheim et al. 1997). With the low level
increase in CO in the body, any CO that is introduced into the body has
the potential of removing additional hemoglobin from oxygen trans-
port. The increase of CO by consuming CO-exposed meats is possi-
ble because of CO bound to the oxygen binding proteins in muscle.
Myoglobin is one of the main oxygen-binding proteins found in meats
(Kanner et al. 1987). Yellowfin tuna contains a fairly high amount of
myoglobin. The CO is bound in the muscle by the myoglobin because
of the high CO-binding affinity. The CO is maintained on the myoglobin
until an external factor elicits CO release. Proteolysis and mechanical
cell disruption are the main external factors causing the change in the
configuration of the myoglobin resulting in the release of CO from the
heme-binding site. Conformational changes to the myoglobin occur
during the digestion process when myoglobin is subjected to the low
pH of the stomach and proteases, which hydrolyze myoglobin into
small nonfunctional units. Released CO will then diffuse across the
stomach lining into the blood stream. The introduction of CO into
the blood by consumption of CO-exposed food products can occur
without the knowledge of the consumer. The absorption of CO has
the potential of decreasing the oxygen-carrying capacity of the blood
hemoglobin. The diffusion of CO into the blood will cause an increase
in the COHb.

Exposure to CO is through the environment, as shown in three sub-
jects with increased baseline CO levels from the first to the second
trial. However, with the controlled environmental baseline CO expo-
sure of the remaining subjects, it is clear that CO levels in the blood and
subsequent expired air is due to the absorption of CO from exposed
tuna. The transfer of CO to the consumer is predicted to be directly re-
lated to the concentration of CO in the product. CO concentrations in
meat samples are currently under investigation in many labs; however,
rapid methods for quantification of CO concentrations in meat are not
currently available. With the assumption of >90% CO transfer from
the meat sample to the consumer, it is assumed that COHb concen-
tration of the consumer is directly related to the amount of exposed
product consumed. Subjects consuming only 100 g of tuna sushi thus
absorbed CO at levels well below the OSHA safety standard (>50 ppm)
(OSHA Carbon Monoxide Safe Standard). With the increased availabil-
ity of CO-exposed meats in the market, consumer risk factors such
as environmental exposure and health conditions, which increase
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sensitivity to CO, warrant further investigation into the uptake of CO
from CO-containing meat products.

4.5 Summary

CO exposure to meat results in tissue absorption of CO into the ECF,
ICF, and bound to myoglobin proteins. Cooking the CO-exposed tuna
may release the myoglobin-bound CO, but has little effect on the CO
concentration in the ECF and ICF. Human consumption of CO-exposed
tuna results in a rapid and transient increase of exhaled CO. The origin
of the exhaled CO is blood absorption from the mouth and stomach
mucousal membranes. The magnitude of the CO increase remained
well below blood CO safety limits. The significance of this study is the
fact that CO can be absorbed from meat products treated with CO. This
absorbed CO is rapidly removed from the body by exhalation from the
lungs. Further investigation is needed to compare the CO absorbed
from CO treatment and traditional hot and cold smoking.
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5

MICROBIAL AND QUALITY

CONSEQUENCES OF AQUATIC

FOODS TREATED WITH CARBON

MONOXIDE OR FILTERED WOOD

SMOKE

Hordur G. Kristinsson, Murat O. Balaban,
and W. Steven Otwell

5.1 Introduction

Aquatic foods are among the most perishable food commodities and
their quality declines as a result of microbial and chemical processes.
There are many different factors that can have an influence on the qual-
ity and shelf life of seafoods. These include harvest methods, handling,
level and type of processing, temperature, muscle pH, microbial type
and load, amount and type of prooxidants (e.g., heme proteins), fat
content and fatty acid profile, etc. Of primary concern is the develop-
ment of off-flavors and odors along with color and textural changes. It
is possible to significantly prolong shelf life of seafood by modifying
the gaseous atmosphere around it (Clingman & Hooper 1986). This
can be done with vacuum packaging or modified atmosphere packag-
ing (MAP). Vacuum packaging involves a product in a film of reduced
oxygen permeability, and removing air from the package, followed by
hermetic sealing (Smith et al. 1990). Modified atmosphere packaging
involves changing the gas composition around a product. Typical gases
used in MAP are CO2, N2, and O2 in different combinations depending
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on the nature of the seafood (e.g., lean or fatty). The shelf life exten-
sions that result from vacuum packaging and MAP is primarily due to
the retardation of aerobic microorganism growth as well as minimiza-
tion of oxidative chemical reactions (e.g., lipid oxidation). On the other
hand, lactic acid bacteria can become important spoiling agents under
low-oxygen conditions. A critical drawback of both MAP and vacuum
packaging is that the growth of nonproteolytic strains of Clostridium
botulinum remains a significant risk for products exposed to temper-
atures above 3.3◦C (Skinner & Larkin 1998). Another major drawback
may be consumer acceptance related to color change of muscle due
to deoxygenation and also autoxidation of heme proteins (Meischen
et al. 1987). The color of certain fish species may therefore be dramat-
ically modified during storage. This is particularly true for species rich
in dark muscle (i.e., red muscle), which turns brown due to the oxi-
dation of hemoglobin and myoglobin. This color change is especially
accelerated when the muscle is frozen.

As has been discussed in other chapters in this book, application
of gases or filtered wood smokes (FS) containing carbon monoxide
(CO) can not only increase the level of redness for the dark muscle of
these species, but can also maintain the red color of fish muscle on
storage. These gas or smoke application processes, if performed and
used correctly, can provide major benefits to the industry, especially
in stabilizing red color in products that are intended for the frozen fish
market. On the other hand, potential problems also exist. For example,
fish may look good after treatment, but be of poor quality. One can also
potentially convert poor products into visually appealing products.
Furthermore, it is possible that an appealing product treated with CO
or FS may have experienced abuse, leading to food safety problems.

Several quality improvement claims have been made for products
treated with CO and FS. As discussed in Chapter 3, investigations into
effects on long-term red color stability clearly demonstrate that CO-
and FS-treated fish has a significantly prolonged red color compared
to untreated muscle (e.g., Balaban et al. 2005; Danyali 2004; Garner
et al. 2004). It is of much interest to investigate how these processes
influence other chemical changes in fish muscle on storage as well as
influence the growth and survival of microorganisms. In the late 1990s,
the Aquatic Foods Program at the University of Florida began a modest
research program into the effects of CO on aquatic food quality and
safety. In 2002 major resources of the program were devoted to inves-
tigating the effect of both CO and FS on a large variety of commercially
important species. This work included a comprehensive investigation
on many different species and a variety of different treatment methods.
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Different physical and chemical properties of fish muscle have been
the focus of investigation, most notably color, rancidity, texture, and
water-holding capacity. A significant amount of work has also been
conducted to evaluate the effect these treatments have on spoilage mi-
croorganism and the production of histamine in scombroid species.
This chapter highlights some of the findings from this research.

5.2 Influence of CO and FS on microbial growth

Relatively little is known about effects of CO on the growth of microor-
ganisms in general. Studies involving brief exposures of bacteria to
pure CO showed little effect on Staphylococcus aureus, Clostridium
botulinum, or Escherichia coli (Kaffegakis et al. 1969). Francisco and
Silvery (1971) showed that CO could inhibit the growth of an aquatic
streptomycete. Clark et al. (1976) demonstrated that an atmosphere
of 1% CO in combination with 99% N2 inhibited the growth of psy-
chrophilic bacteria on the surface of beef when stored at 5◦C. Gee and
Brown (1978), working with beef, found essentially no inhibition of
growth of Achromobacter at an incubation temperature of 20◦C when
subjected to concentrations of CO up to 30%. The effect of CO varied
between species of bacteria tested. The authors concluded that the
use of about 1% CO would probably have very little effect on bacterial
growth on meats (Gee & Brown 1978). Clark et al. (1976) reported
that low levels of CO do not have a major effect on meat microflora.
A recent study by Hunt et al. (2004) reported that a MAP mixture of
0.4% CO, 30% CO2, and 69.6% N2 did not significantly retard microbial
spoilage. However, no untreated control was included. A study by
Rozbeh et al. (1993) also reported no antibacterial effect of 10% CO
treatment followed by vacuum packing. Several studies do however
show that CO may retard microbial growth in meats. Brewer et al.
(1994) subjected beefsteaks to 100% CO for only 1 h, followed by
refrigerated storage and found that aerobic plate counts, psychotropic
counts, and lactic acid bacteria counts were all lower compared to
control. In another study, Woodruff and Silliker (1985) found that 10%
CO and 90% nitrogen or CO2 inhibited bacterial growth. This system
supposedly contained no oxygen, but it could not be determined
whether inhibition was due to CO or exclusion of oxygen. Demir
and Kristinsson (2005a) recently published data where lamb and goat
meat was subjected to various CO levels (4–100%) and FS (∼18% CO)
for 48 h followed by storage at 4% under vacuum. The authors found
a significant suppression of aerobic microorganisms for all except
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the 4% CO treatment during the cold storage, compared to vacuum
packed untreated muscle. This demonstrates that CO/FS at higher CO
levels may be effective for red meats with respect to microbial growth
suppression. The studies done on meats have either demonstrated an
inhibitory effect of CO on microorganisms or no effect. However, some
of the studies on meat were conducted with very low levels of CO
and from many of these studies it is hard to decipher if CO is exerting
an effect or just merely the exclusion of oxygen or presence of carbon
dioxide in some of the gases studied (e.g., Woodruff & Silliker 1985).

Studies involving microbial effects of CO in fish are even scarcer
than those with beef. Until recently, very little was known about ef-
fects of CO on survival and growth of microorganisms in aquatic foods.
Our recent work has demonstrated for several fish species that CO and
FS do in some cases lead to a reduction in aerobic spoilage microor-
ganisms during the gas application treatment period. Figure 5.1 shows
results from a study where yellowfin tuna steaks were treated for 48
h with various different gases containing CO, compared to untreated
tuna and tuna treated with nitrogen (to see the effect of oxygen exclu-
sion). All CO treatments, except one with the 4% CO treatment, led
to a decrease in aerobic microorganisms after treatment. The 4% CO
treatment contained 10% O2, which may explain its lesser negative
effect on aerobic microorganisms. A study by Balaban et al. (2005)
also demonstrated that a 4% CO treatment (with the same exact gas
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Fig. 5.1 Changes in aerobic microbial levels (log CFU/g) compared to initial
microbial levels as a result of CO/FS treatment for 48 h and subsequent freezing
for 1 month. No treatment represents samples left in oxygen-permeable bags for
48 h prior to freezing.
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composition as the 4% CO treatment in Fig. 5.1) did not have a no-
ticeable effect on microbial levels of tuna. All the CO and FS gases
(except 100% CO treatment) had 21% CO2 present, which is known
to be an effective antimicrobial agent (Parkin & Brown 1982). Since
the 100% CO treatment very effectively reduced bacteria and the 4%
CO treatment (which had 21% CO2) was not as effective as the 18%
CO and FS treatment, it can be concluded that the presence of CO2

alone cannot explain the results seen. The 100% N2 treatment in this
study did suppress the growth of bacteria but not to the same extent
as the CO or FS treatments, which leads us to believe that there may
be a direct action of the CO molecule in addition to oxygen exclusion.
It is very likely that the effectiveness of the CO and FS treatments is
a combination of effects and is not simply explained. Work with an-
other species, mahimahi, has also demonstrated a reduction in aerobic
microorganisms during CO or FS treatment (Fig. 5.2). Figure 5.2 also
demonstrates that treatment time is important because increased time
in CO or FS leads to a larger reduction in microorganisms, which is
not unexpected.

An additional effect on aerobic microorganisms is observed when
tuna is frozen after CO/FS treatment. When treated tuna was frozen for
30 days at −30◦C (Fig. 5.1), all treatments showed a further decrease
in microorganisms. Freezing is known to reduce the level of bacteria in
tuna as a function of time (Eitenmiler et al. 1982; Rawles et al. 1996).
The same reduction in bacteria has been demonstrated with frozen,
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CO-/FS-treated mahimahi fillets (Demir et al. 2004). When the level of
aerobic microorganisms on the thawed tuna steaks were monitored
during storage at 4◦C after thawing, it was found that all the CO-/FS-
treated samples had a slightly reduced level of bacteria compared to the
untreated samples. However, the 100% CO treated tuna had microbial
levels similar to the other treatment after thawing (Day 0) but a clearly
lower level throughout cold storage (Fig. 5.3). Pivarnik and coworkers
(Leydon et al. 2005) also demonstrated a significant suppression of
growth for commercially obtained thawed tilapia fillets treated with
FS in comparison to an untreated tilapia fillet. The study did however
compare a fresh control with a previously frozen FS product, from two
different sources, which makes it hard to conclusively say that the FS
had an antimicrobial effect. Interestingly, the FS-treated products in
the study, although having lower aerobic microbial levels, had a lower
level of acceptance as judged by a sensory panel. Figure 5.3 also shows
that after 8 days at 4◦C the tuna steaks were all significantly spoiled,
irrespective of treatment; however, color was still highly acceptable
for the CO-treated products as the a values were equal or higher than
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Fig. 5.3 Aerobic microbial levels in thawed tuna steaks previously treated with
CO/FS for 48 h and then frozen for 30 days. Steaks were kept in oxygen-permeable
bags at 4◦C. No treatment represents samples left in oxygen-permeable bags for
48 h prior to freezing. Microbial levels were determined using PetrifilmTM (3M
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that of fresh untreated tuna. This demonstrates one of the potential
problems that exist with the use of this technology.

The lower initial microbial level after treatment with CO/FS and
frozen storage may be the reason for the lower levels during subse-
quent cold storage. It is interesting to note, however, that after freezing
the tuna treated with 100% CO had microbial levels similar to all of
the other treatments, but did demonstrate a more significant suppres-
sion of microorganisms during subsequent refrigerated storage. This
suggests a possible direct action of the CO molecule, which was at
higher levels in this tuna muscle than in the muscle from the other
treatments. It is well known that CO has a dramatic effect on respira-
tion mechanisms (Chalmers 1991). Aerobic bacteria contain a number
of respiratory enzymes making up its electron transport chain, which
is involved in oxidative phosphorylation. These enzymes, such as cy-
tochromes, have heme groups very similar to that of hemoglobin and
myoglobin, and CO can bind to these heme groups and inhibit the
oxidative phosporylation mechanisms and thus inhibit aerobic res-
piration of these microorganisms and affect their survival (Prescott
et al. 1996). The results shown in Fig. 5.3 are partly in agreement
with results by Ross (2000), who found that tuna treated with 4%
CO for 24 h and 100% CO for 16 h had lower microbial counts at
1.67◦C storage after freezing in comparison to untreated fresh control
for at least 4 days. However, the untreated tuna in the study by Ross
(2000) was fresh, which makes comparison with the CO treatments
questionable.

Studies performed on several species have demonstrated that bacte-
rial growth is also suppressed for fish muscle that is treated with CO
or FS and then stored fresh. Kristinsson et al. (2005a) showed that FS,
18% CO, and 100% CO treatment of 16, 32, and 48 h (in order of effec-
tiveness) led to significantly lower levels of aerobic microorganisms
in most cases compared to untreated tuna, when samples were stored
aerobically at 4◦C. A treatment with 100% N2 also reduced bacteria lev-
els on the same fish, but it did not have a suppression effect as noted
for the CO-treated fish. Garner et al. (2004) treated Spanish mackerel
for 24 h in 18% CO, FS, 100% CO, and 100% N2 and saw a significant
effect on microbial growth for the samples after they were taken out
of the gas and stored aerobically at 4◦C. After 4 days of storage post-
treatment, the samples treated with the CO gases had bacterial levels
close to 2 log units less than the untreated samples and the samples
treated with 100% N2.

There have been claims that purified filtered wood smoke may lead
to an increased product shelf life via the inhibition of microorganisms
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(e.g., Hawaii International 1999; Kowalski 1999). It has been postu-
lated that certain compounds derived from the smoke present after
the purification process may have induced this effect. The results
demonstrated in Fig. 5.3 do not support this. However, the smoke
used in that study was highly purified, and could possibly have lacked
some of these components or had highly reduced levels of the compo-
nents. In more recent studies we have used less purified filtered smoke
(ClearsmokeTM), where odor can be detected from the gas and treated
muscle. These studies have demonstrated that the filtered smoke may
have a residual effect in the muscle after treatment, suppressing the
growth of aerobic microorganisms more than does a 100% CO treat-
ment (Fig. 5.4). The specific residues involved are not known at this
point. The ClearsmokeTM used in these studies contains about 18% CO
and 21% CO2. It is possible that both these gases work in combina-
tion to reduce and suppress microbial growth. There are also a large
number of compounds that have been identified in the smoke and in
the smoke-treated products some of which may have a direct effect on
microorganisms. More research is needed in this area.
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left in oxygen-permeable bags for 48 h prior to aerobic storage. Microbial levels
were determined using Petrifilm TM(3M Laboratories, St. Paul, MN) and incubating
plates at 25◦C for 48 h.
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5.3 Influence on histamine formation

Histamine formation is of special concern with scombroid fish species,
which have naturally high levels of histidine in muscle. In the United
States, tuna, mahimahi, and bluefish are the species most frequently
associated with scombroid poisoning (Ahmed 1991). Some naturally
occurring bacteria on gills and in the gut of live saltwater scombroid
fish species possess the enzyme histidine decarboxylase. These organ-
isms invade postmortem fish and enzymes convert free histidine to his-
tamine, without any apparent quality changes in the fish. This reaction
is particularly rapid at high ambient temperatures. Fish may contain
toxic levels of histamine before appearing spoiled or organoleptically
unacceptable (Lopez-Sabater et al. 1996). The Food and Drug Admin-
istration (FDA) proposed that histamine levels >5 mg/100 g (50 ppm)
in tuna present a potential health hazard according to data collected
from previous outbreaks (FDA 1996). The development of histamine is
a major concern with respect to CO/FS processing, since the desirable
color may mask a thermally abused product.

A number of studies on histamine formation in CO-/FS-produced
products have demonstrated that the processes certainly do not pro-
mote the formation of histamine. If the processes are employed cor-
rectly, including a freezing step after treatment, there is little reason
for concern. Ross (2000) found that very little histamine was formed
in yellowfin tuna steaks that were treated with 100% CO or 4% CO
and then frozen for a month, followed by thawing and refrigerated
storage. Another study where tuna was subjected to several different
CO treatments and a FS treatment followed by freezing demonstrated
low levels of histamine formation after tuna steaks were thawed and
stored at 4◦C (Fig. 5.5). No statistical differences were found between
any of the CO-/FS-treated tuna or untreated tuna in that study. Unfrozen
tuna did however develop significant levels of histamine at 4◦C dur-
ing the same time period. This demonstrates how effective freezing
is in reducing the formation of histamine. Histamine-forming bacteria
are able to grow and produce histamine over a wide range of tem-
perature, but growth is more rapid at higher temperatures and even
moderately abusive conditions promote their growth (FDA 2001). The
most effective way to minimize histamine formation is proper tem-
perature control, particularly very low temperatures or frozen stor-
age, which may kill or injure the histamine-forming bacteria (Arnold
et al. 1980; Ross 2000). However, histidine decarboxylase may re-
main stable even during frozen storage and can be active soon after
thawing. Also, if histamine is formed during the gas treatment prior
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Fig. 5.5 Effect of different CO/FS treatments on histamine formation in tuna
steaks. Samples were treated with CO/FS for 48 h at 4◦C, frozen for 30 days at
−30◦C, and then thawed and stored at 4◦C in oxygen-permeable bags. Untreated
samples represent steaks left in oxygen-permeable bags for 48 h prior to freezing
or direct storage at 4◦C.

to freezing, it will remain there after freezing and will also survive
cooking.

Some results indicate that there may even be a suppressive effect on
histamine formation, directly or indirectly, when products are treated
with CO or FS. A study where mahimahi was treated with 100% CO
and ClearsmokeTM for 24 h, followed by aerobic storage (no freez-
ing step), showed a significant delay in the formation of histamine
for the ClearsmokeTM treatment compared to the 100% CO treatment
(Fig. 5.6). Both processes were very effective in reducing the growth of
histamine when a 30-day freezing step was included after treatment,
and there were no statistically significant differences between them
(data not shown). Studies on the effect of ClearsmokeTM on tuna steaks
inoculated with Morganella morganii indicate that the gas treatment
may have an ability to reduce the growth of the bacteria, and as a
consequence lead to significantly less development of histamine, even
under relatively abusive conditions, compared to nongassed inoculated
tuna. The mechanism behind this action of ClearsmokeTM has not been
identified.
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5.4 Effect on oxidative rancidity

Quality deterioration of many fish species is related to lipid degradation
(e.g., oxidation) and reactions of degradation products (Hultin 1994).
Lipid oxidation leads to many undesirable off-odors and flavors, and its
products have the ability to react with proteins and possibly participate
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in textural deterioration. Fish muscle is especially susceptible to lipid
oxidation due to relatively high proportions of polyunsaturated fatty
acids. Furthermore, fish muscle has a number of prooxidants that can
catalyze oxidation. Metals such as iron and copper can catalyze lipid
oxidation in fish muscle (Hultin 1994). It is, however, believed that
the key prooxidants in fish muscle are hemoglobin and myoglobin
(Richards et al. 1998; Undeland et al. 2004). These heme proteins
have the ability to initiate lipid oxidation as oxygen is released from
oxyhemoglobin to form ferric (Fe3+) metHb and metMb and superox-
ide anion radicals (Richards & Hultin 2000). The metHb and metMb
can further oxidize to the very reactive ferrylHb and ferrylMb (Fe4+).
The oxidized forms of heme proteins are believed to most effectively
catalyze lipid oxidation and break down preformed lipid hydroperox-
ides to give rise to secondary lipid oxidation products (Everse & Hsia
1997; Richards & Hultin 2000). Furthermore, unsaturated aldehydes,
which are secondary products of lipid oxidation, such as 2-heptenal, 2-
nonenal, and 4-hydroxy-2-nonenal, have been shown to promote heme
protein oxidation (Faustman et al. 1999), which would result in further
discoloration of muscle. It is well known that dark muscle of fish oxi-
dizes more rapidly and extensively compared to white muscle because
of the presence of more prooxidants (e.g., heme proteins) and more
unstable lipids (Kelleher et al. 1994; Richards et al. 1998). Dark muscle
has been successfully stabilized by antioxidant treatments (Kelleher
et al. 1992, 1994; Richards et al. 1998), which retards the activity of
active prooxidants such as heme proteins (Kristinsson 2002; Richards
et al., 1998). Stabilization of heme proteins to oxidation is thus ex-
pected to reduce the oxidation of lipids. When hemoglobin and myo-
globin bind to carbon monoxide they are very effectively stabilized
and remain in the reduced state and do not easily oxidize, even when
subjected to relatively abusive conditions (Kristinsson et al. 2005b).
This may mean that fish muscle treated with gases containing carbon
monoxide may be less susceptible to lipid oxidation and thus rancidity.
Several studies support this postulation.

Several studies have been conducted to evaluate the effect of gases
containing carbon monoxide on the oxidative quality of fish muscle.
Kristinsson et al. (2005b) subjected yellowfin tuna steaks to various CO
treatments (4% CO, 18% CO, and 100% CO) and FS treatment (which
contained 18% CO) for 48 h, followed by 30 days of freezing, and subse-
quent cold storage (4◦C) after thawing. All the gas treatments, except
the 4% CO treatment (which contained 10% oxygen) led to reductions
in the formation of secondary lipid oxidation products (TBARS) dur-
ing freezing and subsequent cold storage of the steaks, possibly due to
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Fig. 5.7 Lipid oxidation (TBARS) in Spanish mackerel white muscle treated for
24 h with 18% CO, 100% CO, FS, and 100% N2 compared to untreated white
muscle. After treatment the fillets were stored in oxygen-permeable bags at 4◦C.

increased stability of the heme proteins. A similar experiment was con-
ducted on Spanish mackerel fillets, where the fillets were subjected to
18% CO, 100% CO, and FS treatment for 24 h and then followed by aer-
obic storage (Garner et al. 2004). Gases containing CO and FS reduced
oxidation in mackerel dark muscle to some extent. Gases containing
CO were highly effective in reducing oxidation in mackerel white
muscle (less in red muscle), while those containing FS were less ef-
fective (Fig. 5.7). Work with mahimahi fillets demonstrated that a 24-h
treatment with 100% CO or FS effectively delayed and reduced lipid
oxidation in aerobically stored fillets (Fig. 5.8). The 100% CO treatment
was more effective than the FS treatment, which is in agreement with
the findings for the Spanish mackerel white muscle. The same study
showed that 100% CO treatment was more effective in retarding oxida-
tion than a 100% N2 treatment, which suggests something more than
simple oxygen exclusion. In other studies, 100% N2 has actually pro-
moted oxidation, possibly since the deoxygenated form of the heme
proteins is promoted (Garner et al. 2004). Other authors have also
recently reported antioxidative effects for tilapia fillets treated with FS
compared to untreated control (Leydon et al. 2005).
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Oxidized heme proteins are known from many studies to be
powerful prooxidants in fish muscle (e.g., Kristinsson et al. 2005b;
Kristinsson & Hultin 2004; Richards et al. 2002; Richards & Hultin
2000). Carbon monoxide stabilizes heme proteins and provides pro-
tection from heme oxidation. This stabilization very possibly reduces
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the prooxidative activity of the heme proteins. Garner et al. (2004)
found a good connection between CO binding to heme protein in
Spanish mackerel and stability of its muscle to lipid oxidation, which
strengthens this argument. Kristinsson et al. (2005b) also showed that
tilapia hemoglobin bound to CO was substantially more stable toward
autoxidation and also exhibited significantly less prooxidative activity
when tested in a linoleic acid lipid emulsion system. Increased stabiliza-
tion toward lipid oxidation has also been reported for CO-treated beef
loins, where modified atmosphere storage in 0.1–1% CO led to increas-
ingly lower lipid oxidation values (TBARS) as CO percentage increased
(Luno et al. 2000). The increase in CO percentage was also correlated
with reduced metMb formation (Luno et al. 2000). Demir and Kristins-
son (2005b) reported a significant stabilization against lipid oxidation
(as assessed by TBARS analysis) for lamb and goat steaks treated with a
variety of CO levels and FS. The highest level of CO (∼100%) was the
most effective. There is therefore strong evidence that CO in muscle
may retard lipid oxidation.

It has been stated that filtered smoke (more specifically tasteless
smoke) offers antioxidant activity (Hawaii International 1999). Filtered
wood smoke is reported to contain phenolic compounds (Hawaii Inter-
national 1999) among a number of other chemical compounds derived
from smoking. Some phenolic compounds can function as antioxi-
dants. However, in studies performed in our laboratory, as summarized
above, we have found FS treatment is effective in retarding oxidation
but not more effective than other CO gas treatments (except 4% CO).
In some cases the 100% CO has been more effective than FS. It is also
possible that if there are phenolic compounds in the filtered smoke,
they may act as prooxidants and thus reduce the overall antioxidative
effect of the CO in the gas. It is well known that some antioxidants
may under certain circumstances be prooxidative. More research is
needed on this area.

5.5 Influence on muscle proteins and texture

Denaturation and modification of muscle proteins is known to greatly
influence the texture and water-holding capacity of muscle (Offer &
Knight 1988). Oxidation of heme proteins has been connected to tex-
tural changes in muscle (Rowe et al. 2004). The direct prooxidative
action of heme proteins and oxidation products formed from their
action on lipids can lead to oxidation of muscle proteins, which subse-
quently can cross-link and aggregate (i.e., lose solubility) (Munasinghe
et al. 2005; Van Laack & Riette 1999). Cross-linking of muscle proteins
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and reduction in their solubility has been connected to textural prob-
lems in muscle (Parkington et al. 2000; Rowe et al. 2004). As previously
discussed, it is clear that when heme proteins bind to CO their oxi-
dation is significantly delayed and they become less prooxidative on
lipids. This may also mean that treating fish muscle with CO could lead
to less damage to muscle proteins.

One of the claims made for treatment of fish muscle with gases
containing CO (more specifically, tasteless smoke) has been the im-
provement in texture and juiciness over untreated products subjected
to freezing (Hawaii International 1999). Demir and Kristinsson (2005a)
conducted a study on yellowfin tuna to see if these claims have any foot-
ing. Tuna steaks were treated with 4% CO, 18% CO, FS (with 18% CO),
and 100% CO for 48 h, followed by freezing (−30◦C) for 30 days, and
then aerobic storage at 4◦C for 8 days. Protein solubility, water-holding
capacity, drip loss, and muscle firmness and elasticity were evaluated
and compared with those of untreated tuna steaks. Solubility of fish
muscle proteins is often used as an indicator of fish muscle quality and
it is reduced as proteins are denatured or cross-linked, and thus muscle
quality is reduced (Kelleher & Hultin, 1991; Sarma et al. 1998). None
of the gas treatments had a significant effect on protein solubility. How-
ever, after freezing and thawing the treated tuna steaks, the protein sol-
ubility dropped significantly for the untreated tuna but not for CO- and
FS-treated tuna (Fig. 5.9). Several studies have shown that freezing
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and thawing reduces protein solubility and has a negative effect on
muscle texture, water-holding capacity, and eventually the juiciness of
the fish muscle (Benjakul & Bauer 2001; Kelleher & Hultin 1991; Le
Blanc et al. 1988; Munasinghe et al. 2005; Ramirez-Suarez et al. 2000;
Srinivasan et al. 1997; Van Laack & Riette 1999). These findings with
tuna demonstrated that CO/FS treatments may have a protective effect
on the muscle proteins. However, compression tests using an Instron
revealed no difference in maximum load (“hardness”) or energy yield
(“chewiness”) between treatments (p > 0.05), except for a few time
points (Fig. 5.10). Firmness and elasticity decreased for the treated and
untreated tuna with freezing and during subsequent cold storage, but
no differences were found between any of the treatments. This de-
crease is in line with previous studies, where decreased cohesiveness
has been demonstrated with frozen and thawed seafood (Gill et al.
1979; Samson & Regenstein 1986; Srinivasan et al. 1997). With regard
to CO or FS treatment, these specific compression test results suggest
that treatments did not influence textural quality of tuna since firm-
ness/chewiness was not modified in comparison with untreated tuna.
Results for expressible moisture and drip loss were in line with the
compression results, i.e., no significant differences could be found be-
tween the treated tuna and untreated tuna. All of the samples had a
large increase in expressible moisture and drip loss on thawing, which
was expected.
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The data available on the physical properties of tuna muscle there-
fore suggests that CO treatment may have a beneficial effect on muscle
proteins, from looking at the solubility. However, the same significant
differences in solubility were not seen in the textural and water-holding
capacity studies. The protein solubility data did however agree with
water-holding capacity observed on freezing/thawing and subsequent
storage, i.e., as water-holding capacity decreased, protein solubility de-
creased. More research is needed in this area and on more species to
establish if CO/FS treatments have any effects on muscle texture and
water-holding capacity.
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USE OF CO FOR RED MEATS:

CURRENT RESEARCH AND RECENT

REGULATORY APPROVALS

Joseph G. Sebranek and Terry A. Houser

6.1 Introduction

Carbon monoxide (CO) is well recognized as a colorless, odorless, and
tasteless gas that is flammable and highly reactive (Mullan & McDowell
2003; OSHA 2005). Carbon monoxide is noted for its strong reaction
with, and affinity for, heme proteins such as blood hemoglobin and
muscle myoglobin. The affinity for hemoglobin gives rise to concern
for CO toxicity because the bond formed between CO and hemoglobin
is over 200 times stronger than that formed when oxygen combines
with hemoglobin. As a result, CO will displace oxygen on hemoglobin,
even at very low partial pressure, and will prevent transport of oxygen
by the blood (OSHA 2005). While exposure to CO can be a significant
concern for human health, the affinity of CO for muscle myoglobin is
advantageous for development of meat color. Low concentrations of
CO, well below the levels considered to be hazardous, will produce
a very stable, bright red meat color that is visually indistinguishable
from oxymyoglobin. Oxymyoglobin provides the cherry red color that
is preferred for marketing of fresh red meat products. Not only is the
meat color that results from CO a very attractive bright red, but the
storage life of CO-based color is also significantly longer than that of
oxymyoglobin-based meat color. The development and stability of CO-
based color has its greatest impact on meat products with the highest
myoglobin content, such as beef or lamb. Because of the significant
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marketing advantages resulting from attractive red color for fresh meats
that will last longer during storage, there has been a great deal of
research on the use of CO for packaging of red meat.

6.2 Historical development

The use of CO for development of color in red meat products is not
new. Research investigating the use of carbon monoxide for meat color
dates back to at least the 1950s when CO was demonstrated to pre-
serve color of freeze-dried beef by the United States Quartermaster
Corp (Tappel et al. 1954 as cited by El-Badawi et al. 1964). Tappel
(1957) subsequently reported that cooked beef exposed to CO devel-
oped red color if reducing conditions were present. A patent for the
use of CO for meat color preservation was issued in 1960 (Williams
1960). No doubt the concept of using CO for color development and
maintenance in red meat originated from the knowledge that bright
red hemoglobin and myoglobin provided presumptive diagnostic evi-
dence of carbon monoxide poisoning, but the origins of the original
observations of CO effects on heme color are not clear. Early research
on meat products investigated a range of CO concentrations. El-Badawi
et al. (1964) used an atmosphere of 2% CO and 98% air for packag-
ing beefsteaks and compared the results to samples packaged with
100% air for color stability. They reported that CO resulted in a 15-day
color life compared with 5 days for aerobically packaged samples.
Other researchers have studied CO concentrations ranging from 0.1%
to 100% to assess the effects and advantages of different concentra-
tions of CO for meat applications (Besser & Kramer 1972; Clark et al.
1976; Huffman et al. 1984; Hunt et al. 2004; Luño et al. 1998; Sørheim
et al. 1999; Wolfe et al. 1976). The use of high concentrations of CO
is extremely effective for color preservation of red meat. Use of 100%
CO, for example, resulted in highly acceptable beef color that lasted
for at least 10 weeks compared to less than a week without CO (Besser
& Kramer 1972). On the other hand, low concentrations (0.5% or less)
are also effective for color development and reduce much of the con-
cern for human exposure to high CO concentrations.

Clark et al. (1976) studied the effects of CO on beef color at gas atmo-
sphere concentrations ranging from 0.1% to 10.0%. They reported that
CO at 0.5% or more extended beef color life by over 19 days at 0◦C and
over 25 days at 5◦C, compared to beef stored in air at the same temper-
atures. Luño et al. (2000) evaluated CO concentrations ranging from
0.1% to 1.0% for color life of beefsteaks and concluded that 0.5–0.75%
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CO extended shelf life by 5–10 days at 1◦C over that achieved by a
high oxygen (70%) atmosphere. Sørheim et al. (1997) indicated that
Norwegian meat plants were successfully utilizing 0.3–0.4% CO for
commercial packaging of retail products. The current consensus of re-
search reports and commercial applications seems to be that 0.3–0.5%
CO is adequate to provide significant improvement in meat color sta-
bility while minimizing concerns about toxicity and microbial shelf
life that have been raised relative to the use of this technology.

6.3 Functions and effects of CO used for
packaging of red meat

6.3.1 Color

The most obvious effect of CO on red meat is development of a bright
red color that is much more stable during storage than the traditional
oxygen-based color. As indicated earlier, research has made it clear that
less than 1.0% CO is sufficient to produce highly acceptable color with
improved color life. Most industrial applications have used 0.3–0.5%
CO. The recent approvals in the United States permit use of 0.4% CO
or less.

While the direct advantages of CO for fresh meat color development
and stability are well established, there are several other color-related
aspects of CO use that are not as obvious. One of the most important
indirect effects is that CO permits the addition of much higher car-
bon dioxide concentration to a modified atmosphere than what would
otherwise be possible. Carbon dioxide at concentrations of more than
about 30% induces brown discoloration in fresh red meat products
(Silliker et al. 1977) but addition of 0.5% CO permits as much as 99.5%
carbon dioxide to be used without discoloration (Krause et al. 2003).
Because carbon dioxide is the bacteriostatic agent in gas atmospheres
for fresh meat packaging, greater concentrations of carbon dioxide
generally increase the microbial shelf life (Luño et al. 1998; Sørheim
et al. 1999). Consequently, use of CO directly enhances color shelf life
and indirectly enhances microbial shelf life.

The color effects of CO also offer a means to prevent the discol-
oration often observed following irradiation of beef. Nanke et al.
(1998), for example, observed significantly reduced redness values
in beef loins following irradiation. Kusmider et al. (2002) utilized 0.5%
CO for packaging ground beef prior to irradiation with up to 4.5 kGy
dosage and found that beef redness in CO packages was unaffected by
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irradiation treatment or dose for 28 days of refrigerated storage. An in-
teresting sidelight to the color changes induced by irradiation of beef
is the pinkening or reddening observed in irradiated pork and turkey.
Nam and Ahn (2002) found that irradiation resulted in production of
CO in both aerobic and vacuum-packaged turkey breast muscle. The
amounts of CO produced were dose-dependent but were as high as 593
and 999 ppm for aerobic and vacuum-packaged products, respectively,
following a 5.0 kGy irradiation dose. Consequently, it is believed that
generation of CO as a result of irradiation processing results in some
CO-myoglobin formation. In meat with low myoglobin concentration,
the amount of CO-myoglobin is enough to cause pinkening.

Another color-related benefit of CO is the prevention of premature
browning that can occur in beef stored in high oxygen atmospheres.
High-oxygen-containing atmospheres (80%) combined with carbon
dioxide for MAP is a commonly used combination for developing
good color and extending the shelf life of beef. However, high-oxygen
atmospheres contribute to “premature browning,” which means the
product turns brown at lower than usual temperatures during cooking
(Killinger et al. 2000). Premature browning is considered a potential
food safety problem because consumers may assume a product to be
fully cooked at temperatures where pathogens survive (Lyon et al.
2000). John et al. (2004, 2005) reported that use of a 0.4% CO atmo-
sphere retained desirable red raw beef color and completely prevented
the premature browning during cooking that occurred with an 80%
oxygen atmosphere.

While premature browning in cooked beef can be prevented by
CO, the use of CO atmospheres may also result in a greater reten-
tion of pinkness following cooking. John et al. (2004) reported that
ground beef packaged in 0.4% CO retained internal red color after
reaching an internal cooked temperature of 79◦C, and suggested that
the color was due to a heat-denatured CO-hemochrome rather than
undenatured CO-myoglobin. On the other hand, Ballard (2004) found
that CO-myoglobin was more resistant to denaturation at 66, 71, and
77◦C than was deoxymyoglobin. The two pigments were similar in
heat denaturation at 82◦C.

The reason that CO atmospheres result in internal color changes in
red meat is because CO slowly penetrates meat cuts from the surface
to eventually form CO-myoglobin throughout the products, if the prod-
ucts are held in a CO atmosphere. Oxygen, on the other hand, in fresh
meat is metabolized as it penetrates from the surface and is depleted
at some depth below the surface. Consequently, red oxymyoglobin
color is a surface color in red meat, whereas CO-myoglobin begins as a
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surface color but eventually becomes continuous throughout the prod-
uct when under a CO atmosphere. Jayasingh et al. (2001) showed that
a 0.5% CO atmosphere at 2◦C resulted in CO-myoglobin penetration
depth of 2 mm in steaks after 50 h and the depth steadily increased to
12 mm after 8 weeks. Ground beef in a 0.5% CO atmosphere showed
a CO-myoglobin penetration depth of 15 mm in 1 week. Krause et al.
(2003) studied pork chops in a 0.5% CO atmosphere at 2◦C and re-
ported that CO-myoglobin penetration reached 10 mm after 8 days,
15 mm after 27 days, and 25 mm after 36 days. Removal of the CO
atmosphere will stop the penetration of color change in red meat, but
not immediately. In a study of pretreatments with CO before vacuum
packaging, it was observed that treatment of steaks with 5% CO for
24 h resulted in a slow increase of CO-myoglobin depth over 2 weeks to
a maximum of about 2–3 mm, followed by a rapid decline in the color
depth. Pretreatment with 100% CO for 1 h before vacuum packag-
ing resulted in a progressive increase in penetration of CO-myoglobin
for about 4 weeks to reach about 12-mm depth after which the CO-
myoglobin rapidly declined.

While almost all of the research and development work with CO
atmospheres has focused on fresh meat, there are some indications
that CO atmospheres may be of benefit for cooked, cured meat prod-
ucts as well. Aasgaard (1993) reported that bologna and boiled ham
packaged with 1% CO and nitrogen or carbon dioxide showed better
color stability than vacuum packaging when both were stored at 8◦C
under constant illumination.

6.3.2 Antimicrobial impact

There has been relatively little investigation of the antimicrobial impact
of CO alone on meat products. Atmospheres with up to 30% CO slowed
the growth of some microorganisms (Pseudomonas flourescens,
Escherichia coli, Achromobacter) but not others (Pseudomonas
aeruginosa) (Gee & Brown 1981). In most cases, about 10–15% or
more CO was required in order to easily observe an impact on lag
phase or growth rate of bacteria, and the authors concluded that CO
at the levels typically used for meat (<1%) will have little effect on
bacterial growth. On the other hand, Clark et al. (1976) studied CO
concentrations from 0.1% to 10% (with the balance being nitrogen) for
effects on microbial spoilage of beef at 5◦C and reported that 1% CO
achieved an increase in odor shelf life to 24 days compared to 7 days for
aerobic packaging. An atmosphere of 100% nitrogen (0% CO) resulted
in 18 days shelf life compared to 20 days for 0.5% CO and 24 days for
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1.0% CO (remaining portion of the atmosphere was nitrogen in each
case). Brewer et al. (1994) pretreated beefsteaks with 100% CO for
30 min before vacuum packaging and reported that both aerobic plate
counts and lactic acid bacterial counts were reduced by about 1 log
cycle over 8 weeks of storage. Consequently, it appears doubtful that
CO alone at concentrations most commonly used for red meat (0.5%
or less) will impact growth of microorganisms. Higher concentrations
of CO, however, even on a short-term basis, may help extend microbial
shelf life.

The principal microbiological advantage to the use of CO is that a
higher concentration of carbon dioxide can be included with signifi-
cantly greater bacterial inhibition as a result (Blickstad & Molin 1983;
Gee & Brown 1978). For example, Luño et al. (2000) compared an
atmosphere of 70% oxygen/20% carbon dioxide/10% nitrogen with an
atmosphere of 24% oxygen/50% carbon dioxide/25% nitrogen plus CO,
and reported that the 50% carbon dioxide atmosphere delayed bacte-
rial spoilage and extended shelf life by an additional 5–10 days over
that of the 20% carbon dioxide atmosphere. A comparison of the time
required to reach 106 CFU/g for total plate counts on pork showed
that conventionally overwrapped (aerobic) packages required about
7 days, vacuum packages and packages with a 20% carbon dioxide/80%
nitrogen atmosphere required 23–28 days, while packages with a 70%
carbon dioxide/29.5% nitrogen/0.5% CO atmosphere required about
36 days (Krause et al. 2003). It is important to note that the time of
application of carbon dioxide relative to the stage of microbial growth
is very important to effectiveness (Gill & Tan 1980). If bacteria are
exposed to carbon dioxide before significant growth occurs, the sub-
sequent lag phase can be extended and shelf life increased. If, however,
bacteria have already entered the logarithmic phase of growth, the ef-
fects of carbon dioxide are greatly reduced. Thus, carbon monoxide
offers the opportunity to utilize increased concentrations of carbon
dioxide for packaging of red meat and increased shelf life, but low
initial microbial numbers are very important to the success of this
approach.

Because increased concentrations of carbon dioxide offer the po-
tential for improved microbial control, researchers have studied car-
bon dioxide concentrations as high as 99.5% for fresh meat and
100% for cooked, processed products. Research with very high car-
bon dioxide (99.5%) in combination with 0.5% CO for improved
control of pathogens including Salmonella typhimurium, E. coli
0157:H7, Campylobacter, and Listeria monocytogenes is currently un-
derway. Preliminary results suggest that the very high carbon dioxide
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atmospheres contribute to improved inhibition of growth of these
pathogens (J.G. Sebranek, unpublished data).

One of the limitations to using very high carbon dioxide atmo-
spheres for red meat has been carbon dioxide absorption by meat
products. Carbon dioxide is highly soluble in meat, and packaged
products will absorb a large proportion of this gas from a package
atmosphere. When the product is cooked, absorbed gas can quickly
expand and result in physical disruption of the tissue (Bruce et al.
1996; Sørheim et al. 2004). The resultant pores and fissures may also
contribute to increased cooking losses as reported by Sørheim et al.
(2004) for ground beef packaged in carbon dioxide atmosphere. Re-
search with atmospheres containing 99.5–100% carbon dioxide for
ground beef patties and frankfurters has found that increased volume
and changes in texture occurred in both products following cooking
(J.G. Sebranek, unpublished data). Ground beef patties stored in 99.5%
carbon dioxide resulted in greater cooked patty height than patties
packaged in vacuum, and frankfurters stored in 100% carbon diox-
ide resulted in greater circumference when heated than those stored
in vacuum. Consequently, the amount of carbon dioxide that can be
successfully utilized in MAP applications for microbial control will be
limited by the amount of physical and textural change that occurs from
release of absorbed gas in products following cooking or reheating.

6.3.3 Antioxidant effect

There have been several indications that CO atmospheres may con-
tribute to suppression of oxidative reactions in red meat. Besser and
Kramer (1972) reported that CO delayed meat pigment oxidation.
Wolfe et al. (1976) observed that formation of CO-myoglobin resulted
in rapid depletion of oxidized metmyoglobin from meat. These au-
thors suggested that CO was instrumental in the inhibition of enzyme-
catalyzed oxidation of meat pigments and consequently would reduce
product rancidity as well. Lanier et al. (1978) also observed a “remark-
able increase” in the reduction of metmyoglobin in the presence of
CO, with the rate depending upon the CO concentration. Removal
of oxygen from the atmosphere was not necessary to observe the
change in metmyoglobin concentration. Luño et al. (2000) reported a
significant reduction in thiobarbituric acid (TBA) values for beef held
in atmospheres with 0.25% CO or more. Because CO atmospheres
permit elimination of oxygen, subsequent oxidative stability will be
enhanced simply by the absence of oxygen. The TBA values, for exam-
ple, of irradiated ground beef were reported to be very similar for both
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vacuum- and CO-packaged patties (Kusmider et al. 2002). In addition,
John et al. (2004, 2005) reported that a CO atmosphere (0.4% carbon
monoxide/30.3% carbon dioxide/69.3% nitrogen) for beefsteaks and
ground beef completely prevented the increased oxidation, as mea-
sured by TBA values observed in beef packaged with 80% oxygen/20%
carbon dioxide. Thus, it appears that CO may have more than one role
in reducing oxidative reactions and subsequent rancidity in red meat.
Elimination of oxygen is a major antioxidant contribution of CO but
the suppression of enzyme-catalyzed oxidative reactions may provide
additional antioxidant impact in red meat products.

6.4 Means of utilizing CO and gas blends for
red meat packaging

There are several approaches that have been studied for the appli-
cation of CO gas as part of package atmospheres for red meat. The
most common approach seems to be a case-ready package contain-
ing a gas atmosphere of 0.4–0.5% CO/30–70% carbon dioxide/29–70%
nitrogen. The product is packaged in a high-barrier film to retain the
added headspace gases. These packages are ready for retail display. The
advantages to this approach include desirable color and superior color
stability from CO, significant microbial growth suppression from car-
bon dioxide, and a relatively stable headspace volume from nitrogen.

An alternative approach that consists of several individual gas per-
meable packages contained within a larger gas impermeable package
is referred to as a master package or master pack. The master pack
approach allows the use of CO and other gases in similar ratios as
mentioned previously for shelf life extension and color retention. Fol-
lowing distribution, the master pack is opened and the individual pack-
ages removed for retail display. The subsequent display of products in
gas-permeable packages results in a environment similar to that of tra-
ditional overwrapped packages without MAP.

Carbon monoxide has also been studied in combination with oxy-
gen for development of color in case-ready packages. It has been sug-
gested that CO combined with oxygen results in a more “natural” color,
though there is relatively little evidence of a color difference between
low CO (0.3–0.5%) concentrations and CO/oxygen mixtures. Luño
et al. (1998) reported that 1% CO in combination with either 70%
oxygen/20% carbon dioxide/9% nitrogen or 24% oxygen/50% carbon
dioxide/25% nitrogen resulted in improved color stability over an atmo-
sphere without CO (70% oxygen/20% carbon dioxide/10% nitrogen).
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The atmosphere with 50% carbon dioxide provided the best bacterial
controls in this study.

Finally, because of the stability of the CO-myoglobin pigment af-
ter formation, another packaging approach that has been studied is
pretreatment of meat with a CO atmosphere followed by vacuum
packaging. Rozbeh et al. (1993) reported that exposure of beef to
gas atmospheres of 10% CO/90% nitrogen for 60 min followed by
vacuum packaging or exposure to 100% CO for 30 min followed by
vacuum packaging resulted in retention of bright red color for 4 and
8 weeks, respectively, at 3◦C. Brewer et al. (1994) also used 100% CO
as a 30-min pretreatment of beefsteaks prior to vacuum packaging,
and reported that the CO-treated steaks retained greater redness than
untreated steaks for 6 weeks.

In a thorough study of CO-pretreatment before vacuum packaging,
beefsteaks and ground beef were treated with 100% CO for 1 h, 5%
CO for 24 h, and 5% CO under pressure (15 psig) for 2 h to determine
the optimum pretreatment method (Jayasingh et al. 2001). Results of
this study showed that a 5% CO pretreatment for 24 h resulted in
5 weeks of red color stability in the subsequent vacuum package. The
pretreatment with 100% CO for 1 h resulted in 6 weeks of color stability
in vacuum. The pressure treatment with 5% CO was found to have no
advantage over the others for color development or stability.

6.5 Concerns for CO use

6.5.1 Toxicity

Because of the general awareness of CO as a toxic substance, there
have been serious reservations expressed by regulatory agencies and
consumers about the use of CO for meat packaging. However, because
CO uptake is reversible and the CO is cleared from the bloodstream
over time (half-life of CO-hemoglobin is 4–6 h), low concentrations
are not considered a hazard. Air concentrations of 50 ppm CO or less
for up to 8 h are considered to be safe (OSHA 2005). Ambient (back-
ground) air quality standards include a limit of 9 ppm CO (USEPA
2004). A thorough review of CO toxicity by Sørheim et al. (1997) in-
dicated that 40 ppm CO in the atmosphere would result in reaction
of CO with about 2.5% of the blood hemoglobin in a normal individ-
ual. The current U.S. Occupational Safety and Health Administration
(OSHA) exposure limit of 50 ppm CO for 8 h would result in 8–10%
CO-hemoglobin in a normal adult. Symptoms (headache, etc.) begin to
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develop at about 10% CO-hemoglobin, and about 50% CO-hemoglobin
(resulting from exposure to about 800 ppm CO) is likely to be lethal
(Anonymous 2005; Sørheim et al. 1997). Nonsmokers in urban areas
typically have about 1% CO-hemoglobin from background CO in the
atmosphere. Smokers average about 5% CO-hemoglobin (Anonymous
2005) as a result of exposure to smoke but can have as high as 20% CO-
hemoglobin (OSHA 2005). The relatively rapid clearance rate (half-life
of 4–6 h) of CO from the blood stream means that smokers will return
to normal blood hemoglobin levels within 1 to 2 days after stopping
smoking. The relatively rapid clearance rate of blood CO-hemoglobin
also facilitates treatment of carbon monoxide poisoning. Breathing
pure oxygen, for example, shortens the half-life of CO-hemoglobin to
about 1 h and hyperbaric oxygen can further reduce the half-life to 15
to 30 min (Anonymous 2005).

Concerns about toxicity of CO have also included questions about
the degree of exposure represented by meat that has bound CO. How-
ever, studies with radioactively labeled (14C) CO demonstrated that
cooking removed as much as 85% of the CO from the meat product
(Watts et al. 1978). This study also reported that the half-life of CO-
myoglobin during storage following exposure to CO was about 3 days.
As a result, it is apparent that human exposure to CO from CO packag-
ing of meat is extremely low. Sørheim et al. (1997) estimated exposure
to CO in the form of packaged CO-treated meat to be 0.05–0.17% of
that which occurs from uptake of air at “safe-air” concentrations of
about 24 ppm CO.

An additional objection sometimes raised concerning use of CO for
packaging is the potential risk in processing plants where packaging
operations are conducted. Pure CO or gas mixtures with high con-
centrations of CO could pose a risk to workers. However, commercial
packaging with CO is done using preblended gas mixtures, which,
with the 1% or less CO used by the meat industry, pose no hazard
(Sørheim et al. 1997).

6.5.2 Microbial spoilage

A second area of concern for CO packaging of red meat has been the
extended color life of CO-packaged meat products relative to micro-
bial spoilage. The concern is based on the relationship between meat
color and spoilage, with color loss in fresh meat typically preceding
microbial spoilage such that consumers can use color as a reasonable
indicator of quality. It has been shown, for example, that the bright red
CO color in meat can extend beyond the point of microbial spoilage
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(Sørheim et al. 1999). However, the commercial systems currently
approved utilize low (0.3–0.5%) CO levels are unlikely to result in
masking of product spoilage. Hunt et al. (2004), for example, evalu-
ated the color and microbiological properties of beefsteaks and ground
beef first stored in a master package atmosphere of 0.4% CO/30% car-
bon dioxide/69.6% nitrogen for 35 days at 2◦C and 6◦C, then removed
from the CO atmosphere and stored in an aerobic atmosphere. While
increased color life as a result of the CO treatment was observed,
the increased color stability was not great enough to mask microbial
spoilage that occurred with mild temperature abuse (6◦C). Other indi-
cators, such as odor, also serve to protect consumers from inadvertent
consumption of meat with excessively high bacterial counts.

6.6 Current regulations for CO use in the United States

Despite the increased color stability and other advantages gained by
using CO for packaging of red meat, the adoption of this technol-
ogy has been relatively limited due primarily to regulatory limitations.
The only significant retail use has been in Norway where, since 1985,
some 50–60% of retail fresh meat products have been packaged with
CO (Sørheim et al. 2001). However, Norway discontinued approval of
CO packaging in 2004 to comply with European Union regulations.
Australia and New Zealand have permitted use of CO for master pack
packaging of multiple units but little information is available on these
applications.

The U.S. Food and Drug Administration (FDA) and the Department
of Agriculture (USDA) have been latecomers to the approval of CO
for packaging of red meat products. However, in 2002, in response
to a request from Pactiv Corporation, the FDA issued GRAS (Gener-
ally Recognized as Safe) Notice No. GRN000083 in which CO, as a
component used at 0.4% in a MAP system, was classified as a GRAS
substance (USFDA 2002). This approval was for a MAP system that
would be used for packaging fresh cuts of case-ready muscle meats
and ground meats in a master pack. The other gas components in-
cluded 30% carbon dioxide and 69.6% nitrogen. Packages would be
removed from the MAP system prior to retail display. This notice cited
several regulatory precedents for permitting use of CO in MAP. These
precedents included the classification of tasteless smoke, which is pri-
marily CO, as GRAS for application to raw tuna, the use of combustion
product gas containing up to 4.5% CO that is used in some foods (not
fresh meat), and the use of wood smoke, which contains CO as an
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ingredient in meat and poultry products. Further, the USDA classified
the use of CO in Pactiv’s system (Active TechTM) as a processing aid
rather than a product ingredient. This means that there are no labeling
issues associated with CO–MAP systems and no labeling requirement
is included. Also, the designation as a processing aid rather than an in-
gredient means the approval extends to all species of livestock under
USDA control, whereas ingredient approval is generally considered for
each livestock species separately. However, poultry is not considered
livestock by the USDA so separate consideration of CO for poultry
applications would be necessary before approval could be extended.

The use of CO as a component of the atmosphere in case-ready
packages rather than for a master package was subsequently approved
in 2004 (USFDA 2004). This approval was in response to a request
from Precept Foods to use 0.4% CO with carbon dioxide (20–100%)
and nitrogen (0–80%) for case-ready beef and pork. This MAP system
utilizes a high-barrier film for individual packages to retain the MAP
gases and includes a code date that is not to exceed storage of 35 days
for muscle cuts and 28 days for ground beef.

The current USDA listing of “Safe and Suitable Ingredients Used in
the Production of Meat and Poultry Products” has four potential appli-
cations of CO atmospheres for red meat (USDA 2004). Two of these
describe use of an atmosphere of 0.4% CO/30% carbon dioxide/69.6%
nitrogen for case-ready muscle meats and ground meat. The third ap-
plication describes use of 0.4% CO with a “high oxygen” MAP for
case-ready products, while the fourth describes use of 0.4% CO as part
of a master package MAP system. None of the applications require
labeling for the use of CO or MAP systems.

Thus, these recent FDA–USDA approvals have made CO–MAP pack-
aging technology available to the U.S. meat industry for the first time.
However, because approvals in the United States have been very re-
cent, commercial use of CO packaging technology for red meat is just
beginning. There is a great deal of industry development and testing ac-
tivity currently underway and significant expansion in the commercial
use of this technology is expected in the near future.
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PROSPECTS FOR UTILIZATION OF

CARBON MONOXIDE IN THE

MUSCLE FOOD INDUSTRY

Oddvin Sørheim

7.1 Introduction

The technology of using carbon monoxide (CO) or CO-containing fil-
tered smoke has gained considerable interest in the meat and fish
industries worldwide. CO creates a stable, bright red color of meat
and heme-containing fish because of its strong binding to the muscle
and blood pigments myoglobin and hemoglobin. Pretreatment with
CO or filtered smoke has become widespread for tuna and other fish
species. The attitude of regulatory agencies toward the use of CO and
filtered smoke varies among countries. Low-CO atmospheres (<0.5%)
were used commercially for packaging of retail meat in Norway from
1985 to July 2004, during which time the European Union imposed a
prohibition. In contrast, at the same time 0.4% CO was permitted for
packaging of case-ready meat in United States. High-oxygen (approx-
imately 70% O2) atmospheres are common for centralized packaging
of case-ready meat in many countries. However, recent research has
demonstrated several major shortcomings of applying high-O2 atmo-
spheres for meat. Low concentrations of CO combined with anaerobic
high carbon dioxide (CO2) atmospheres improves meat color, prevents
lipid oxidation, prevents bone discoloration and premature brown-
ing of cooked meat, maintains the tenderization process, extends the
microbiological shelf life, reduces the growth of certain pathogenic
bacteria, poses no toxic hazard to consumers, and is safe to use in
packaging plants.
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7.2 Retail display of muscle foods

In the present food market, the safety and quality of products have
become more and more important. For fresh raw meat and heme-
containing fish, two of the main features during retail display are a
long microbiological shelf life and a stable, bright red color. To obtain
these features, holding the product in a continuous low temperature
chill chain is crucial. Many consumers regard the bright red appearance
of the product as an indicator of freshness. At the point of purchase,
the color is a decisive factor for buying the product.

The traditional way of selling meat is wrapping the product in an
oxygen-permeable cling film and displaying in a chill cabinet. Such
products have a short microbiological shelf life and a poor color sta-
bility, in addition to requiring much manual labor in the stores. Nev-
ertheless, this wrapping method is common worldwide. In Western
Europe, United States, and Australia, packaging of fresh meat by the
industry at centralized facilities in modified atmospheres with approx-
imately 70% O2/30% carbon dioxide (CO2) has become relatively com-
mon. By applying these high-O2 atmospheres, the time for both dis-
coloration and microbiological spoilage of the meat is delayed. Still,
the time available for selling the product in high-O2 atmospheres is
often too short as mutually viewed by the meat industry and the food
retailers.

Consequently, finding a packaging method or gas mixture that pre-
vents microbiological growth while maintaining an attractive bright
red color of meat and heme-containing fish has been a challenge. Sev-
eral methods, including anaerobic atmospheres with high levels of CO2

and vacuum packaging, effectively reduce microbiological growth, but
without presenting the products with a bright red color. The method
of packaging meat in anaerobic atmospheres with low carbon monox-
ide (CO) and high CO2 provides a unique combination of a long mi-
crobiological shelf life with a stable, bright red color and prevention
of lipid oxidation. Ever since a patent was granted in England over
100 years ago for the storage of meat in CO2/CO atmospheres, much
research, development, and industrial experience on CO have accu-
mulated, particularly in the United States and Norway. The Norwe-
gian meat industry was a pioneer in commercial use of CO starting
in 1985 with atmospheres of approximately 0.4% CO, 60% CO2, and
39.6% nitrogen (N2). When CO packaging was terminated in 2004,
approximately 60% of all retail red meat in Norway was packaged in a
low-CO/high-CO2 atmosphere.
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In the international fish industry, pretreatment of tuna and other
heme-containing fish species with either CO or filtered smoke con-
taining CO has become widespread. The fish is treated at processing
facilities where the catch lands, and the frozen products are later trans-
ported to the markets.

This review demonstrates how CO can be used safely for packaging
and pretreatment of fresh muscle foods with significant quality ben-
efits compared to alternative treatments and methods. The chapter
focuses on meat, but as shown, many similarities exist for CO technol-
ogy of meat and fish. Emphasis has been made on research literature
and regulatory issues over the past 6 years. For more information on
earlier studies on CO, a previous review covers a number of CO stud-
ies from the 1970s and 1980s (Sørheim et al. 1997). Additional useful
information on the technology and regulatory status for CO and fil-
tered smoke is given in two recent German reviews (Schubring 2004;
Stenzel & Feldhausen 2004).

7.3 International regulations on CO

The regulatory views on CO for muscle foods differ around the world
with some countries permitting CO and others currently not allowing
CO. The European Union (EU) considers all packaging gases as addi-
tives, and CO has so far not been included on the list of approved
gases (European Parliament and Council Directive 1995). Although
Norway is not a member of the EU, the Norwegian food regulations
have gradually been adjusted to EU regulations because of the trade
agreements within the European Economic Area. Consequently, the
joint Norwegian meat industry in 2000 applied to the EU Commission
for continued and permanent acceptance of up to 0.5% CO in gas mix-
tures for red meat packaging. The application was supported by the
meat industry in many European countries. In a positive evaluation of
the application, the EU Scientific Committee of Food stated that “there
is no health concern associated with the use of 0.3–0.5% CO in a gas
mixture with CO2 and N2 as a modified atmosphere packaging gas
for fresh meat provided the temperature during storage and transport
does not exceed 4◦C” (European Commission 2001). However, in a
close voting in June 2003 by the Committee on the Environment, Pub-
lic Health and Consumer Policy of the EU Parliament, it was decided
not to accept the use of low-CO atmospheres for meat packaging.
Therefore, CO was prohibited for meat packaging in Norway from
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July 1, 2004. Efforts have been initiated by the meat industry in several
European countries to try to reintroduce CO in EU, but it is likely that
this process will take time.

In February 2002, the Food and Drug Administration (FDA) in the
United States accepted pretreatment of meat with 0.4% CO in combina-
tion with O2 scavengers in a modified atmosphere packaging and wrap-
ping system (FDA 2002). This master-bag system, called ActiveTech
R3TM (Pactiv Corp., Lake Forest, IL), received status as generally recog-
nized as safe (GRAS) by the FDA, which had previously not permitted
any system incorporating CO for packaging of fresh red meat in the
United States. Low CO is also permitted for master-bag packaging in
Australia and New Zealand.

On July 29, 2004, the FDA announced a GRAS approval on the use of
0.4% CO for fresh beef and pork for direct case-ready packaging in the
United States (FDA 2004). This CO packaging system is similar to the
concept that was used by the Norwegian meat industry. The applicant
was Precept, which is a joint venture between Cargill and Hormel. This
FDA approval can be viewed as an extension of the previous master-
bag approval. There are no specific chilling or labeling requirements
connected to this case-ready meat approval of CO.

FDA regulations have permitted the use of filtered smoke for tuna for
the U.S. market (FDA 2000). The EU, on the other hand, is regarding the
use of CO or filtered smoke in processing of tuna or heme-containing
fish in the same manner as for meat (Schubring 2004). Neither domestic
treatment nor import of fish that has been treated with CO or filtered
smoke is permitted in the EU.

7.4 How to apply CO

The use of CO in packaging and pretreatment of muscle foods can be
divided into five main categories:

� Packaging and retail display in gas mixtures with low-CO concentra-
tions, 0.1–2.0%, mainly for color purposes.

� Packaging and display in gas mixtures with high-CO concentrations,
5–100%, both for color and antimicrobiological purposes.

� Master-bag packaging in gas mixtures with 0.4% CO in combination
with O2 scavengers, followed by display in wrapped O2-permeable
packages without the modified atmosphere present (ActiveTech
R3TM), for improving color and microbiological shelf life during the
pretreatment phase.



Utilization of CO in the Muscle Food Industry 107

� Pretreatment in 0.1–100% CO, followed by vacuum or anaerobic
packaging and display, for increasing color and microbiological sta-
bility.

� Pretreatment with filtered smoke with 15–40% CO, for both color
and antimicrobiological causes.

Balance gases in the modified atmospheres can be CO2, N2, O2, air,
and argon, used together with CO either as single gases or in combina-
tions. The gas mixtures should contain at least 20% CO2 for significant
effect on bacteria.

7.5 Color

The main function of using CO in meat packaging is to develop a
stable, bright red color by virtue of the strong binding of CO to the
heme pigments myoglobin and hemoglobin through the formation of
carboxymyoglobin (CO-Mb) and carboxyhemoglobin (CO-Hb). Both
these pigments react in a manner similar to CO, but for simplicity
mostly CO-Mb will be discussed in this chapter. The color of CO-Mb
is similar to the color of fresh, “bloomed” meat that has newly been
exposed to air with O2 in the form of oxymyoglobin (oxy-Mb). A differ-
ence between CO-Mb and oxy-Mb is that CO-Mb is much more stable
against oxidative discoloration. The bright red color of CO-Mb in meat
can last for several weeks. In contrast, meat with oxy-Mb typically
becomes discolored by pigment oxidation after 4–10 days of storage.
In meat packages with atmospheres of CO2 and/or N2 without CO
present, the meat rapidly becomes oxidized and discolored because of
low concentrations of residual O2 that inevitably are found in such at-
mospheres. The oxidized form is metmyoglobin (met-Mb). In non-CO
atmospheres, it is a challenge to remove residual O2 completely and
rapidly to avoid meat discoloration. A number of studies on beef and
pork, and also on other meat species, have documented that 0.3–1.0%
CO mixed with CO2 or CO2/N2 for meat packaging are suitable and
sufficient to produce an attractive and stable, bright red color (Hunt
et al. 2004; John et al. 2004, 2005; Krause et al. 2003; Sørheim et al.
1997, 1999). Levels lower than 0.3% CO may work for light colored
meats. Storage of meat at levels of 2% or more CO tends to yield an
artificial color, which is perceived as being too red. Other studies show
that high-O2 atmospheres can be combined with low levels of CO to
increase the color stability of meat (Lunõ et al. 2000).
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For cut bone, hemoglobin released from disrupted blood cells in the
marrow accumulates at the surface and is rapidly oxidized. After being
exposed to air or high O2, the cut bone surfaces become discolored.
Exclusion of O2 and addition of low concentrations of CO prevents
the discoloration of beef rib and lumbar vertebrae marrow (Mancini
et al. 2005).

The method of packaging muscle foods in atmospheres containing
5–100% CO has not been utilized much in the meat industry, but pre-
treatment of fish containing hemoglobin and myoglobin, like tuna, in
high-CO atmospheres or filtered smoke is widespread in many parts
of the world. After producing the smoke, it is cleaned for tasting com-
ponents and contains about 15–40% CO. The filtered smoke can be
stored in containers or produced on site and then applied to the fish at
processing plants. The treated fish is usually frozen before distribution
to the markets. In concentrations of 5–100%, CO effectively reduces or
inhibits different spoilage and pathogenic bacteria, as shown for pure
bacterial cultures as well as for meat (Sørheim et al. 1997).

In markets where CO is not allowed or is undesirable to use directly
at retail level, pretreatment of the meat with CO is a viable alternative.
By first exposing beef to 5–100% CO for a period of 30 min to 24 h,
followed by vacuum packaging, the meat maintained a bright red color
for as long as it was microbiologically stable and for reasonable time
to sell the products (Jayasingh et al. 2001). Pressure treatment can
accelerate the uptake of CO. Removing pork chops from low-CO at-
mospheres for repackaging in vacuum resulted in a stable outer CO-Mb
layer with a bright red color despite the absence of CO in the vacuum
phase (Krause et al. 2003). Continued vacuum packaging or packaging
in anaerobic environments therefore seem crucial for stabilizing the
color arising from CO-Mb. By adjusting the exposure of the meat to CO
in the pretreatment phase, there is a potential for regulating the color
stability of the meat at display, without exceeding the microbiological
shelf life.

Another CO pretreatment process has been developed for blood.
The color of liquid porcine blood at pH 6.0–7.4 was stabilized by
pretreatment with 99% CO (Fontes et al. 2004). Blood that has been
pretreated with CO has a potential for use in meat products.

In the ActiveTech R3TM system, fresh cuts of meat or ground meat are
placed in trays and wrapped in an O2-permeable film. One or several
wrapped trays are then placed within a high-barrier outer bag, which
is filled with 0.4% CO and a mixture of CO2 and N2. An activated O2

absorber is added within the outer bag to remove residual O2. The
color stability of the meat is high and the microbiological growth low
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for as long as the meat stays in the outer bag. The trays with the meat
are later removed from the modified atmosphere system and put on
display in a retail cabinet. When this is done, the color of the meat
deteriorates at a rate similar to that of wrapped meat not exposed to
CO, thereby excluding the risk of masking microbiological spoilage
(Hunt et al. 2004). A key feature of the system is that there is no
lasting functional effect of CO in the displayed meat and there is an
insignificant amount of CO present at the point of sale.

The color of cooked meat is also influenced by CO. Cooked ground
beef that was exposed to low-CO levels needed a slightly higher core
temperature to obtain the normal, gray color and well-done appearance
than does meat packaged in vacuum (John et al. 2004). The persistent
redness sometimes observed in CO-treated cooked meat may be due
to heat-denatured CO-hemochrome rather than undenatured CO-Mb.
In contrast, premature browning is a condition where cooked meat
turns brown or gray internally and has a well-done appearance at a
much lower core temperature than expected at approximately 60◦C,
thus posing a food safety risk by survival of pathogenic bacteria like
Escherichia coli 0157:H7. This premature browning condition is a
particular concern with ground meat. If the pigment of the raw meat is
in the form of oxy-Mb, the cooked meat will have premature browning,
while maintaining the raw meat in one of the two forms of CO-Mb from
CO exposure or deoxymyoglobin (deoxy-Mb) from anaerobic storage
effectively prevents premature browning (John et al. 2004, 2005).

In some cooked meat products, in particular poultry meat and meat
products without nitrite added, the products may possess an unde-
sirable pink color after reaching a normal core temperature. There
can be many causes for this color defect, but exposure to CO from in-
complete combustion or other sources is one possibility. Furthermore,
in the United States ionizing radiation has been permitted to reduce
the microbiological load of meat. Irradiated raw turkey meat becomes
reddish due to formation of small amounts of CO (Nam & Ahn 2002).

7.6 Lipid oxidation

In addition to pigment oxidation, packaging with O2 can initiate lipid
oxidation of meat and fish. Exposure of beef muscles and ground
beef to high-O2 atmospheres increased lipid oxidation (Jakobsen &
Bertelsen 2000; Jayasingh et al. 2002; John et al. 2004, 2005). Using
CO eliminates the need of including O2 in the atmospheres for color
improvement, and anaerobic storage reduces development of lipid
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oxidation. Storage of pork in an anaerobic atmosphere with 0.5% CO
decreased lipid oxidation compared to the sample overwrapped in an
O2-permeable film (Krause et al. 2003). Ground beef and beefsteaks
stored in anaerobic atmospheres of 0.4% CO were less rancid than in
those stored in 80% O2 (John et al. 2004, 2005). CO in concentrations
of more than 0.75–1% may have antioxidative properties per se, as
shown for beef steaks stored in high-O2 atmospheres combined with
low CO (Lunõ et al. 2000). In order to counteract lipid oxidation of
meat in environments containing O2, antioxidants can be applied to
the surface of meat or blended into ground meat. These antioxidants
often also improve the color stability of the meat. For meat stored in
anaerobic low-CO/high-CO2 atmospheres, there is no need to apply
antioxidants.

7.7 Tenderness

One of the most important quality aspects of meat, in particular beef,
is tenderness. Recent findings demonstrate that the tenderness of beef
does not increase during storage in the commonly used atmospheres
with 70–80% O2, as in contrast to vacuum or anaerobic gas storage
(Sørheim et al. 2004b; Tørngren 2003). The causes for the lack of
tenderization in high-O2 atmospheres are not known, but protein ox-
idation or reduced enzymatic activities could explain insufficient ten-
derness. As a consequence of the findings, meat should be sufficiently
tenderized before being packaged in high-O2 atmospheres. To avoid
unacceptable tough meat, the meat should preferably be packaged in
vacuum or anaerobic low-CO atmospheres.

7.8 Microbiology

The effect of CO levels below 1% on the microbiological condition
of meat is none or negligible. The microbiological benefits of using
low-CO concentrations for modified atmosphere packaging of meat
are twofold: O2 can be omitted from the atmosphere and concentra-
tions of CO2 can be high, from 60 to near 100%. The absence of O2

and high level of bacteriostatic CO2 effectively reduces the growth of
many spoilage and pathogenic bacteria. The microbiological spoilage
of ground beef, beef steaks, and pork chops were studied with differ-
ent packaging methods at two storage temperatures (Sørheim et al.
1999). Storage in 0.4% CO/60% CO2/39.6% N2 delayed spoilage by
4–7 days at 4◦C and 8◦C compared to storage in 70% O2/30% CO2.
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The microflora of packaged meat in the low-CO/high-CO2 gas mix-
ture was dominated by lactic acid bacteria, while counts of typical
spoilage bacteria like Brochothrix thermosphacta and pseudomon-
ads were considerably reduced. Ground beef packaged in the same
low-CO/high-CO2 atmosphere had lower growth of the pathogenic
bacteria Yersinia enterocolitica, Listeria monocytogenes, and E. coli
O157:H7 (Nissen et al. 2001). However, the growth of Salmonella spp.
at 10◦C was not inhibited by low CO/high CO2, which emphasizes the
importance of low storage temperatures, as Salmonella usually does
not grow below 7◦C.

A possible disadvantage claimed by use of CO for muscle food pre-
treatment or packaging is the concern about masking poor microbio-
logical conditions by formation of a product with a bright red color,
which is too stable. However, off-odors can still be used as an indica-
tor of spoiled products stored in atmospheres containing CO. It should
be noted that a number of perishable foods stored in modified atmo-
spheres do not change in color upon the time of spoilage. Examples of
such perishable products are fresh pasta and certain fruits and vegeta-
bles. To justify approval of CO by regulatory agencies, a combination
of low levels of CO with gases that reduce microbiological growth,
like CO2 at high concentrations, is valuable. Although modified at-
mospheres with CO enable centralized packaging and pretreatment
operations to be carried out, the presence of these atmospheres alone
cannot guarantee the shelf life of the products. Sufficient and reliable
shelf life can be achieved only through proper quality control of raw
materials, production, packaging, chill chain, and retail conditions.

7.9 Substitution of nitrite with CO in meat sausages

Nitrite (NaNO2) produces a stable bright red color of cured meat prod-
ucts by formation of nitrosohemochrome via the gas nitric oxide (NO).
Because of the risk of formation of carcinogenic compounds, finding
new additives to replace or reduce the addition of nitrite is desirable.
Cooking studies showing that CO-Mb can cause persistent redness in
meat at high temperatures (John et al. 2004) indicates that CO can
be utilized for nitrite substitution. Meat sausage batters of beef and
pork were either flushed with a gas mixture with low CO (1% CO/99%
N2) or ground raw materials for these batters were pretreated with
the same gas mixture until saturation of the pigments (Sørheim et al.
2004a). Hotdog-type sausages were cooked to 80◦C, or dried sausages
were fermented to pH 4.7. Initial color of the CO-treated sausages was
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equal or better than nitrite controls, but the color stability upon air
exposure was inadequate. This technology is a new promising way
of using CO, but the technology will require additional research and
development before commercial utilization.

7.10 Toxicology and occupational safety

The toxicological aspects of CO have been thoroughly evaluated by
the World Health Organization (WHO 1999). CO is a colorless, odor-
less, and tasteless gas, which is mainly produced through incomplete
combustion of carbon-containing materials. Humans are exposed to
CO primarily in urban areas and through tobacco smoking. CO binds
strongly to the hemoglobin in the blood and forms CO-Hb. The CO-
Hb concentration is a function of the CO concentration in the air, the
exposure time, and the level of physical activity of the individual. At
a CO-Hb level of 2.5%, sensitive individuals may start to show health
symptoms. In healthy adults, however, no adverse health effects have
been described at CO-Hb levels below 5%. Health authorities recom-
mend that CO-Hb levels of 1.5% should not be exceeded to protect
the most vulnerable individuals in the population. This CO-Hb level
is reached by exposure to 24 mg CO/m3 air for 1 h, amounting to an
uptake of 15 mg CO (Sørheim et al. 1997). In comparison, beef that
had been treated with an atmosphere containing 1% CO for 3 days,
yielded approximately 0.1 mg CO per kg meat upon cooking (Watts
et al. 1978). Consequently, it is highly improbable that a meal of meat
treated with gas mixtures containing less than 0.5% CO will result in
a measurable increase in CO-Hb blood levels (European Commission
2001; FDA 2002, 2004; Sørheim et al. 1997).

At the time CO was used for meat packaging in Norway, the practice
of gas suppliers was to supply CO either as a 1% CO/99% N2 mixture
and then blend this mixture with CO2 on site or as a complete 0.4%
CO/60% CO2/39.6% N2 mixture. Both these ways of supplying CO gas
were recognized by Norwegian health authorities to be safe. Additional
ventilation in working areas with low CO packaging may be used and
the air quality in these areas can be monitored. In contrast, high-O2

atmospheres must be handled carefully, because of risk of explosions.

7.11 Prospects for future CO utilization

As discussed in this chapter, the technology of using CO or CO-
containing filtered smoke for direct case-ready packaging, master-bags,
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or pretreatment of fresh meat and fish has several benefits on issues
like initial color, color stability, cooked color, lipid stability, tender-
ness, spoilage, and pathogenic bacteria. A large scientific basis from
research communities in many countries exists on CO issues for meat.
The interest for research on the use of CO and filtered smoke for fish
is rapidly increasing. Therefore, exchange of knowledge between the
meat and fish sectors would be beneficial.

The future success of CO and CO-containing filtered smoke tech-
nologies depends on the ability of reaching out to and convincing the
consumers. The ability of the meat and fish industries to reliably com-
municate the value of using CO and filtered smoke is crucial. It should
be realized that those not familiar with the CO technology will need
time to comprehend how CO is used and validate the specific benefits.
Quality benefits of CO compared to alternative technologies should be
clarified. There is a growing awareness of the shortcomings of high O2

packaging.
Regulatory agencies have a responsibility for ensuring the safety

of the food supply and evaluating new processes and additives. The
meat and fish industries should meet regulatory concerns by providing
scientific documentation to answer the specific needs of these author-
ities. Similar to modified atmosphere packaging of other perishable
foods, considerations to raw material quality, chill chain, and quality
control must be given high priority. The Norwegian experience with
almost 20 years of successful use of low CO packaging of meat is a
reassurance of the safety and quality benefits of this technology.
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TASTELESS SMOKE SOURCES,

SPECIFICATIONS, AND CONTROLS

Bill Kowalski

This review is intended to provide an experienced commercial per-
spective on the status and use of “tasteless smoke” as a preservative
process for certain fish. As this process continues to mature since
its initial introduction in 1997, there are reasons to discuss sources,
specifications, and controls to assure the continued success of this
technology.

The specific technology in question began in late 1996 when it
appeared that Japan would shortly ban the import of saku treated with
chemical carbon monoxide (typically produced by mixing formic acid
and sulfuric acid together). Saku is a traditional block of premium grade
tuna used for sashimi (raw fish) and sushi. This particular Japanese ban
on carbon monoxide actually came into effect in May 1997. During this
time, I felt that using smoke as a seafood preservative, with taste and
odor imparting components removed, would be a superior way to
preserve the fresh-like, preferred qualities of such seafood. Extensive
research was conducted in support of the Kowalski tasteless smoke
patent application in March 1997 and Hawaii International Seafood,
Inc.’s (HIS) premarket GRAS notification in April 1998.

In May 1999, the FDA acknowledged the GRAS petition and issued
an import bulletin that allowed tasteless smoke and carbon monoxide
to be used as seafood preservatives (FDA 2000). My U.S. patent for
tasteless smoke was approved on October 26, 1999, and to date is still
the only treated seafood process of its kind that has been reviewed and
acknowledged by the FDA (Kowalski 1999).

Tasteless smoke is a food preservative made from wood smoke in
which the treated seafood does not have a smoke taste or odor. The
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Fig. 8.1 Visual comparison of steaks from fresh tuna loin (not treated) and the
same quality tasteless smoke treated tuna frozen and thawed.

intention of the tasteless smoke technology is to preserve the fresh-
like characteristics of high-quality fish. In our initial dealings with the
FDA in 1997, the environment was such that Japan had banned carbon
monoxide and carbon monoxide had never been expressly allowed as
a seafood preservative ingredient in the United States. This situation
called for proper attention to the quality of the fish to be preserved.
Research results in the premarket notification supported the preser-
vation of the fresh-like characteristics of high-quality fish. Our intent
is, and always has been, to bring value to the consumers. The initial
intent, GRAS petition, and practice have always been against the use
of treatment technologies to enhance lower quality fish for economic
gain. Figure 8.1 illustrates that defrosted tasteless smoke treated tuna
maintains its natural redness, similar to the original fresh tuna color
evident before freezing (see Color Plate 8.1a).

In addition to using high-quality raw seafood materials, HIS uses
all natural wood sawdust to generate the smoke prior to filtration.
Controlling the smoke ingredient used to make our products results in
consistent quality and assurance that genuine tasteless smoke is used.
The hot smoke then passes through a series of filters where smoke taste
and odor components are removed. The resulting all-natural tasteless
smoke is then compressed into storage cylinders, which are shipped
to processing plants around the world. Naturally occurring carbon
monoxide levels in pure wood smoke normally ranges between 30 and
40%, but may be further diluted by air in the manufacturing process.
At these concentrations of tasteless smoke, the oxidation of the iron
in the myoglobin of the fish muscle tissue is sufficiently prevented and
muscle color in the fish is properly fixed during exposure times of
2–6 h.

HIS believes that chemical carbon monoxide can be safe when prop-
erly used on high-quality fish at concentration levels similar to those
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found naturally in tasteless smoke. However, a growing group of “rene-
gade” producers have discovered that by using high concentrations of
up to 100% chemical carbon monoxide, they can intensify the color
of lower grade raw material so that it can be marketed as a higher
value treated product. This is a serious problem for the industry and
consumers alike.

Why would anyone buy high-grade tasteless smoke treated product
if the low-grade carbon monoxide treated product looks better and
costs less? It can be difficult to discern products by appearance and
price alone. The real difference is evident in eating and taste.

Further concerns involve actual food safety issues that can arise if
there are no controls for near-normal fish coloration and natural dis-
coloration after thawing. Health risks can increase when lower grade
raw material is treated because spoilage indicators could be overshad-
owed by intensified color. Enhancing lower grade fish so that the
color appears superior to that of higher grade fish deceives the con-
sumers. Such economic adulteration discourages marketing of high-
quality seafood with natural coloration.

HIS found it difficult to sell high-quality product with natural red
color in the face of less expensive, lower quality raw material falsely
appearing better with unnaturally high red color. Such lower grade fish
that looks good in the raw state can result in a poor culinary experience
that diminishes the consumer views of the entire treated fish product
segment of higher quality fish. And consumers are denied experience
with a higher quality tasteless smoke treated product, which is very
similar to fresh fish.

Seafood treated with tasteless smoke looks and behaves differently
than seafood treated with highly concentrated carbon monoxide.
Tasteless smoke treated fish discolors similar to fresh fish 5 days af-
ter defrosting, while fish exposed to 100% carbon monoxide is still
red in color 5 days after defrosting (Fig. 8.2; see Color Plate 8.1b).

Fig. 8.2 Visual comparison of similar tuna steaks previously treated with 100%
carbon monoxide versus those treated with tasteless smoke after thawing and
storage in refrigeration for 5 days.
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Fig. 8.3 Color changes during 5 days refrigeration for a fresh tuna steak and
similar tuna previously exposed to treatments with 100% carbon monoxide and
tasteless smoke. The color values are measured for redness in accordance with
standard Hunter colorimeter.

Color change is an important indicator of quality for consumers. It
adds to the safety of the food because discoloration is a means to de-
tect potential spoilage. Figure 8.3 compares the range in red colors, as
measured with a standard Hunter colorimeter, for fresh tuna, tasteless
smoke treated tuna, and 100% carbon monoxide treated tuna. The red
color of tasteless smoke treated tuna degrades over time, similar to
the behavior of fresh tuna. This comparison reveals that the redness
scores for fresh tuna declined from 1.76 to 1.60 over a 5-day period
in a chilled environment. Similarly, the redness scores for defrosted
tasteless smoke treated tuna naturally declined from 1.70 to 1.48 over
the same time period. However, 100% carbon monoxide applied to the
same raw material was 2.15 when thawed and declined only to 2.00
after 5 days. As a result, the 100% carbon monoxide treated tuna on
day 5 exhibited much higher red color values than fresh tuna on day 1.
These results cause grave concern regarding the present practices for
treating tuna with 100% carbon monoxide.

Rate and degree of color penetration cause similar concerns. Fig-
ure 8.4 shows the penetration rate of 5%, 35%, and 100% carbon
monoxide exposed to tuna for 48 h in an open system. Penetration
is based on measures for detectable redness at various depths in the
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Fig. 8.4 Penetration rates based on detection of redness in depths of tuna muscle
exposed to various concentrations of carbon monoxide.

fish muscle. It is clear that carbon monoxide penetration is very rapid
during the first 6 h of exposure. In fact, 5 mm of penetration is achieved
within 3 h for all carbon monoxide concentrations. In addition, the
penetration rate is dependent on the carbon monoxide percentage,
with the penetration of 100% carbon monoxide at 10 hours exceed-
ing the penetration of 35% carbon monoxide in tasteless smoke at
48 hours. As a result, seafood treated with high concentrations of car-
bon monoxide will exhibit substantially greater color than tuna treated
with tasteless smoke with approximately 35% carbon monoxide given
the same treatment conditions. The primary concern is that too much
color can mask spoilage indicators and compromise the safety of the
seafood.

If a prolonged exposure time is necessary to assure penetration to
the interior of a thick loin or fillet, the exterior can become over sat-
urated especially when using 100% carbon monoxide. Mindful of this
situation, the HIS process was designed to provide a maximum of 5 mm
(3/16 in.) penetration with a tasteless smoke exposure time of 6 h or
less in order to minimize carbon monoxide saturation of the meat.

Further controls have been introduced with the new high speed
treatment (HST) system, which is temperature dependent. Figure 8.5
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Fig. 8.5 Red color development of tasteless smoke tuna meat injected and cured
at temperatures between 0 and 15◦C.

shows red color development of a tuna loin that was injected with
tasteless smoke prior to cutting into three sections. Each section was
stored in a bag of tasteless smoke at 0–2◦C, 8–10◦C, and 13–15◦C,
respectively, for a 48 h treatment cycle. Slices of meat were recovered
at fixed time intervals to determine the resulting red color values as
measured with a Hunter colorimeter. Variation in the initial color values
was due to natural differences in the meat as taken from different parts
of the fish. The primary concern was the rate of color change. The
blue line representing 8–10◦C curing temperatures increased 3 points
or nearly 20.8% within 6 h, while the red line representing 0–2◦C
increased only 1 point or 6.4% in the same time frame.

We have empirically determined that a shorter treatment time is of
primary importance to maintain process control. The treatment curing
time for tuna at 8–10◦C is at least 50% faster than curing at 0–2◦C.
Treatment of injected loins is complete within 2–3 h in most cases,
and gas exposure (including curing time) should not exceed 6 h. Most
importantly, from a food safety point of view, our research shows no
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Fig. 8.6 New automatic high-pressure gas injection system designed to improve
and control applications of tasteless smoke for treating fish muscle. Pictured pro-
cess involves tuna loins.

significant increase in decomposition, histamine, or TPC development
during the curing period at 8–10◦C.

Further, the HIS automatic high-pressure gas injection machine can
completely treat tuna in 8.3% of the time of external exposure and
12.5% of the time of hand injection methods. Distribution of tasteless
smoke is controlled by exact needle spacing designed to achieve a
treatment penetration distance required of 5 mm or less. The new
gas flow control technology can deliver a precise dosage of tasteless
smoke throughout the seafood, regardless of its density, without cracks
or brown spots, while the tasteless smoke dosage is easily adjusted
to control the color effect. HIS research to date confirms that the
automatic high-pressure injection machine shown in Fig. 8.6 (see Color
Plate 8.1c) using natural tasteless smoke and high-speed treatment
curing can produce the freshest, safest, and most wholesome seafood
products.

External exposure and hand injection are simply not acceptable
methods for high-speed treatment of tuna, using tasteless smoke or
other treatment gases with carbon monoxide concentrations naturally
occurring in tasteless smoke. Required treatment time is 48 h or greater
for treating thick tuna meat (≥1 in.) by external exposure. Manual
injection requires one to two night treatments of exposure in bags.
Carbon monoxide over-exposure results from these longer treatment
times when high concentrations of carbon monoxide are used.

Experience in this business over the past 8 years indicates that the
best means to control product is to have technical representation in the
international factories where the product is being made. Alternatively,
firms should work with personnel they trust to conduct such “hands-
on” in-process quality controls. Firms should train their technical staff
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or hire other competent and trustworthy services to supervise factory
operations, train the processing crew, and monitor production. Man-
agement of raw material selection and monitoring for potential product
decomposition is essential for every fish used in any operation treating
tuna. Likewise, seafood buyers should buy from reputable firms that
have their own technical people auditing the factories rather than just
sending their purchase orders to Asia and crossing their fingers on
what they get.

HIS has demonstrated why tasteless smoke is a superior process
to chemical carbon monoxide. It “preserves” the original fresh-like
color and quality with a naturally limited carbon monoxide content
that provides natural protection against adulteration, i.e., making bad
fish look good. Tasteless smoke has superior preservative attributes
for texture and taste. Data on these attributes is in our premarket
notification.

Perhaps of equal importance to tasteless smoke being a superior
process, it is also a superior label to chemical carbon monoxide. Con-
sumers understand smoked seafood, while carbon monoxide has a neg-
ative connotation as a poisonous gas. As a result, tasteless smoke has
much less likelihood of bad publicity than carbon monoxide treated
fish. This is a primary reason that HIS has encountered many “rene-
gades” in our industry selling carbon monoxide product and telling
their customers that it is smoke. HIS fights such misbranding as much
as they are able, but such cheating is widespread.

In summary, there is a serious problem of economic adulteration
and possible food safety in our treated seafood industry caused by
“renegade” processors and knowing, or unknowing, importers. Lower
quality fish is made to look better than it really is. The solution is to con-
trol the percentage of carbon monoxide in the treatment gas and the
amount of time the gas in exposed to the seafood. Processors can use
new technology that HIS invented for applying the treatment gas most
efficiently with an injection machine, and utilizing new high-speed
treatment protocol. Importers can have their own quality control per-
sonnel in the processors’ facilities or buy from someone they trust that
has such an independent quality control system. Industry should en-
courage FDA to develop analytical tests to determine the adulterated
low-quality fish from the high-quality fish and whether carbon monox-
ide or smoke was used to process the seafood. This will better enable
them to take enforcement action against misbranding and adulteration.
All these controls can be implemented, and must be implemented, for
our industry segment to continue to grow and provide high-quality
preserved seafood to consumers.
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COLOR ENHANCEMENT AND

POTENTIAL FRAUD IN USING CO

Murat O. Balaban, Hordur G. Kristinsson,
and Bruce Welt

9.1 Introduction

The use of CO treatment in retaining the red color of many seafood
products is on the increase. Whether the CO comes from a pure
CO source or is part of the “filtered smoke,” it has the capability to
bind with the myoglobin in the muscle to exhibit the cherry-red car-
boxymyoglobin. From both safety and economic fraud aspects, the
concern is whether “inferior” fish can be made to look “better” by
CO treatment. Of course, inferior and better need to be well defined
in either context. A fish “looking well” may have hazards such as el-
evated histamine levels resulting from certain microbial growth and
thermal abuse. Visual distinction for potential hazards is not possible.
Likewise, color could mask or alter quality perceptions. Further studies
are necessary to demonstrate this situation.

Color in fish muscle is best measured with a colorimeter or color
visioning system that can quantify color readings and changes. Stud-
ies were arranged to measure such changes in fresh yellowfin tuna
(Thunnas albacares) and mahimahi (Coryphaena hippurus). In the
case of yellowfin tuna meat, it is possible to measure the color by
colorimeters since its color is fairly uniform, especially when the fish
is fresh. If browning starts to occur, uniformity of color is gone and
colorimeter readings will depend on the location chosen. In contrast,
machine vision based color measurement can quantify the many pos-
sible colors in nonuniform surfaces. The advantage of machine vision
based color measurement becomes clear in the case of, e.g., mahimahi
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fillets, where the color is not uniform, but the center is reddish while
the rest of the fillet is a lighter color. A discolored or brown-colored
fish, on the other hand, may not have any microbial hazard.

9.2 Approach

Fresh samples of each fish were obtained from Save on Seafood (Tampa,
FL). The quality grades were obtained by controlled periods for storage.
The tuna loins were cut in the lab into approximately 2.5-cm thick
steaks. These were either used immediately in experiments, or placed
in Ziploc bags and refrigerated on ice for 1 week, or placed in Ziploc
bags and frozen at −20◦C for 1 week. The same treatment was followed
for mahimahi fillets.

CO gas (100%) used to treat the samples was obtained from Prax-
air (Orlando, FL), and the filtered smoke (N2 = 59.5%, CO2 = 21%,
CO = 18%, O2 = 1.5%, trace of CH4) was obtained from Clearsmoke
Technologies (Atlanta, GA). Dry air was also obtained from Praxair
(Orlando, FL).

The gases were applied in a metallic barrel (50 cm high and 35 cm
in diameter) with an upper lid made airtight using a metal belt with
a tightening screw. A closed cell plastic seal was also used to make
the barrel airtight. Inside the barrel there was a removable tray system
made of stainless steel, with grids large enough to permit the fish to
be exposed to gas from both surfaces. The barrel had a pressure gauge
and inlet and outlet valves. The gas that may contain any CO coming
out of the barrel was passed through a hopcalite catalyst (details can
be found in Balaban et al. (2005)).

The amount of CO that needed to be flushed through the barrel to
assure a 100% CO exposure had to be calculated. As shown in Fig. 9.1,
a given volume V (l), originally at a concentration Co, is being flushed
by a gas having a concentration of C in that flows in at a rate of F l/min.
The flow going out is assumed to have the same volumetric flow rate
of F l/min. Assuming no generation of CO during flushing, and no

Flow in
F l/min

Flow out
F l/min

C in % by vol

Volume V l
Initial conc. =
Co %

Fig. 9.1 Conceptual diagram of the gas flushing.
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significant absorption during this time, the material balance for CO is
given by

CO(in) − CO(out) = CO (accumulated in the volume V )

or

F
C in

100
− F

C (t)

100
= d

dt

(
V

C (t)

100

)
. (9.1)

Simplifying and factoring

d C (t)

dt
= F

V
(C in − C (t)). (9.2)

This differential equation was solved using Euler’s method in an Excel
spreadsheet. Several calculations were tried to see how much gas (ex-
pressed as multiples of the volume V ) was necessary to reach a desired
CO concentration in the chamber. It was found that a factor of 5.5V
is enough to get the error in the desired gas concentration to below
0.5%. Therefore, in all experiments, 6V was used.

Fish muscle color was measured using a machine vision (MV) system.
The system consists of a light box (Luzuriaga et al. 1997), a top lighting
system, and a digital Sony DFW-V500 camera attached to a personal
computer using the IEEE 1394 (firewire) connection. The software
controlled the camera settings, the image acquisition, the color calibra-
tion, and the quantification of colors. All images were taken in the pres-
ence of a reference tile, so that calibration of the image was possible.

9.3 Experimental design

Tables 9.1–9.5 show the experiments performed on tuna and
mahimahi. For grade A tuna, the effect of freezing/thawing on color
retention obtained using CO was studied by first taking images of
fresh samples, then freezing them for 1 week at −20◦C, then thaw-
ing the samples and measuring their color, and finally exposing them
to 100% CO for 48 h under refrigeration (samples 1–5), or exposing
to 20% CO for 48 h under refrigeration (samples 11–15), or keeping
them refrigerated with no gas exposure for 48 h as controls (samples
21–25) (see Table 9.1).

To evaluate the extent of color change in fresh tuna (grades A and
B), first initial images of the steaks were taken, the samples were then
exposed to 100% CO (samples 26–30 for grade A and samples 46–50
for grade B) for 48 h under refrigeration, and then their images were
taken again. Samples were exposed to 20% CO (samples 36–40 for



Table 9.1 Freezing/thawing, and then exposure to CO, treatments for grade A
tuna.

Treated
Samples Start One week later Treatment 48 h

1–5 Measure
color

Freeze
−20◦C

Thaw Measure
color

100% CO Measure
color

11–15 Measure
color

Freeze
−20◦C

Thaw Measure
color

Filtered
smoke

Measure
color

21–25 Measure
color

Freeze
−20◦C

Thaw Measure
color

Control Measure
color

Table 9.2 Gas treatment experiments for grade A and B tuna.

Samples

Grade A Grade B Start Treatment Treated 48 h

26–30 46–50 Measure color 100% CO Measure color
36–40 56–60 Measure color Filtered smoke Measure color
41–45 61–65 Measure color Control Measure color

Table 9.3 Treatments for grade C tunaa.

One week
Samples Start later Treatment Treated 48 h

66–70 Measure
color

Store on
ice

Measure
color

100% CO Measure color

76–80 Measure
color

Store on
ice

Measure
color

Filtered
smoke

Measure color

81–85 Measure
color

Store on
ice

Measure
color

Control Measure color

a Grade C tuna was created by using grade B tuna stored on ice for 1 week).

Table 9.4 Gas treatment experiments for fresh mahimahi.

Samples Start Treatment Treated 48 h

86–90 Measure color 100% CO Measure color
96–100 Measure color Filtered smoke Measure color

101–105 Measure color Control Measure color
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Table 9.5 Treatments for mahimahi stored on ice for 1 week.

One week
Samples Start later Treatment Treated 48 h

106–110 Measure
color

Store on
ice

Measure
color

100% CO Measure color

116–120 Measure
color

Store on
ice

Measure
color

Filtered
smoke

Measure color

121–125 Measure
color

Store on
ice

Measure
color

Control Measure color

grade A and samples 56–60 for grade B). Controls were kept for 48 h
under refrigeration with no gas exposure (samples 41–45 for grade A
and samples 61–65 for grade B) (see Table 9.2).

“Grade C” tuna was created by using grade B tuna steaks, taking
their image, and storing them on ice for 1 week. The resulting color
images of the samples were also taken again after the 1-week storage.
The steaks were then treated either with 100% CO for 48 h under re-
frigeration (samples 66–70), or treated with 20% CO for 48 h under
refrigeration (samples 76–80), or kept as controls on ice for 48 h (sam-
ples 81–85). Finally, the final images of the samples were measured
(see Table 9.3).

A similar approach was used for the fresh mahimahi fillets
(Table 9.4). First their image was taken, then they were exposed to
either 100% CO under refrigeration for 48 h (samples 86–90), or ex-
posed to 20% CO for 48 h under refrigeration (samples 96–100), or
kept on ice as controls for 48 h (samples 101–105). The resulting
images were taken for all samples (see Table 9.4).

To see the effect of CO application on “aged” mahimahi, first, the
images of fresh fillets were taken (Demir et al. 2004). Then the samples
were stored on ice for 1 week and their images taken again. Finally,
the samples were treated with either 100% CO for 48 h under refrig-
eration (samples 106–110), or treated with 20% CO for 48 h under
refrigeration (samples 116–120), or kept as controls for 48 h on ice
(samples 121–125), and their images were taken (see Table 9.5).

9.4 Results and discussion

9.4.1 Grade A tuna

Figure 9.2a–f shows the average a*, b*, and L * color values measured
by the machine vision system for replication 1 for five grade A tuna
samples. These colorimeter measures are also presented with pictured
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Fig. 9.2 Average L*, a*, and b* color values of fresh grade A tuna and (a) after
7-day storage on ice, (b) after 48-h exposure to 100% CO, (c) after 48-h exposure
to 20% CO, (d) after 7 days freezing and thawing and 2-day storage on ice, (e)
after 7 days freezing and thawing and then 48-h exposure to 100% CO, and (f)
after 7 days freezing and thawing and then 48-h exposure to 20% CO.
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Fig. 9.3 Images of fresh grade A tuna samples and (a) after 7-day storage on ice,
(b) after 48-h exposure to 100% CO, (c) after 48-h exposure to 20% CO, (d) after 7
days freezing and thawing and then 2-day storage on ice, (e) after 7 days freezing
and thawing and then 48-h exposure to 100% CO, and (f) after 7 days freezing and
thawing and then 48-h exposure to 20% CO.

examples (Fig. 9.3a–f; see also Color Plate 9.1a–f). As expected, initial
grade A tuna has high a* and L * values. After 7 days on ice, both values
decreased; a* value decreased drastically.

When fresh grade A tuna was exposed to 100% CO for 48 h under
refrigeration, its color changed to bright red. Figures 9.2b and 9.3b
show that the a* value nearly doubled, and even the L * value increased,
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implying a “lightening” effect. This is expected and has been reported
in the literature (Danyali 2004).

When fresh grade A tuna was exposed to filtered smoke (about 20%
CO), its color also changed to bright red (Figs. 9.2c and 9.3c). The
nearly doubling of the a* value and the increase in the L * value are
as seen in the case of 100% CO. Therefore, when applying CO to
fresh grade A tuna for 48 h under refrigeration, there seems to be no
difference between the effects of 100% and 20% CO concentrations.

The next question to answer is whether it is possible to “enhance”
the color of frozen/thawed grade A tuna by the application of CO.
Figure 9.3d shows that when grade A tuna is frozen for 1 week and then
thawed, its color changes very little, if any. This is evident in Fig. 9.2d.
Yet color did change after 2-day storage on ice. The a* value and the
L * value decreased. When frozen/thawed grade A tuna was exposed
to 100% CO (Fig. 9.3e), red color increased dramatically, even above
that of the original fresh fish and the a* value of the 100% CO treated
fish was nearly double that of the original fresh tuna. There was also a
significant increase in the L * value. This implies that frozen fish can be
thawed and treated with high concentrations of CO, and its red color
can be “enhanced” significantly. When frozen/thawed grade A tuna
was treated with 20% CO (Fig. 9.3f), its red color improved slightly,
but not as much as in the case of 100% CO. Likewise, both a* and L *
values increased, but only slightly (Fig. 9.2f ). While fresh fish could
pick up CO whether the concentration is 20% or 100% and reach the
same level of red, apparently this is not the case for frozen/thawed
tuna. Possible changes in the muscle after a freeze/thaw cycle may be
responsible for this change.

9.4.2 Grade B tuna

As expected, grade B tuna has high a* and L * values, but not as high as
grade A fish (Figs. 9.4a and 9.5a; also see Color Plate 9.2). After 2 days
on ice, both values remained about the same. When fresh grade B
tuna was exposed to 100% CO for 48 h under refrigeration, its color
changed to bright red (Figs. 9.4b and 9.5b). The a* value doubled, and
even the L * value increased slightly, as in the case of grade A fish.

When fresh grade B tuna was exposed to filtered smoke (about 20%
CO), its color also changed to bright red (Figs. 9.4c and 9.5c). The
nearly doubling of the a* value and the increase in the L * values are
as seen in the case of 100% CO. Therefore, when applying CO to
fresh grade B tuna for 48 h under refrigeration, there seems to be no
difference between the effects of 100% and 20% CO concentrations.
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Fig. 9.4 Average L*, a*, and b* color values of fresh grade B tuna (a) after 2-day
storage on ice, (b) after 48-h exposure to 100% CO, and (c) after 48-h exposure
to 20% CO. Average L*, a*, and b* color values of fresh grade C tuna and (d) after
7 and 9 days storage on ice, (e) after 7 days on ice and then 48-h exposure to
100% CO, and (f) after 7 days on ice and then 48-h exposure to 20% CO.
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Fig. 9.5 Images of fresh grade B tuna samples and (a) after 2-day storage on ice,
(b) after 48-h exposure to 100% CO, (c) after 48-h exposure to 20% CO, (d) after
7 and 9 days storage on ice, (e) 7 days on ice and then 48-h exposure to 100% CO,
and (f) 7 days on ice and then 48-h exposure to 20% CO.

9.4.3 Grade C tuna

The red color faded in the “grade C” tuna made from the original grade
B tuna. The a* value actually went to negative range (Figs. 9.4d and
9.5d). The L * value also decreased slightly. Some of these samples were
further kept on ice for another 48 h as a control for the CO treatments.
The a* value was already low, so it did not change; however the L *
value continued to decrease.
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When grade C tuna was exposed to 100% CO for 48 h, its red color
was restored (Fig. 9.5e). Figure 9.4e shows that the a* value almost
reached the original level. This was also the case for the L * value.
Again, this has “enhancement” implications. High concentrations of
CO may have the ability to “increase” the grade of lower grade tuna.
This was not the case for exposure to 20% CO (Fig. 9.5f ), where the
original red color was not restored. Figure 9.4f shows that the a* value
after CO exposure increases slightly, but does not reach the original
level. Therefore, one may assume that concentration of CO at 20%
or lower may not have the capacity to “enhance” the product, when
exposed at the conditions given in this study.

9.4.4 Mahimahi

When fresh mahimahi portions were kept on ice for 2 days (Fig. 9.6a;
also see Color Plate 9.3), their a* values decreased, while the L * values
remained about the same (Fig. 9.7a). However, when fresh mahimahi
portions were exposed to 100% CO for 48 h, there was a significant
increase in redness both in the dark band and the “lighter” color muscle
(Fig. 9.6b). The dark band looked less dark. As shown in Fig. 9.7b, the
average a* value of the treated fish was higher, while the L * value was
unchanged. When mahimahi was treated with 20% CO (Fig. 9.6c), the
increase in a* value was less, and again there was no change in the L *
value.

To answer the possible “enhancement” question, the mahimahi was
aged for 1 week on ice. Then the samples were either kept on ice
for another 2 days as control or treated with either 100% CO or 20%
CO. Figure 9.6d shows the control samples. With storage time, the red
color faded, and after 7 days it did not change. The same is true for
L * value. Figure 9.7d quantifies these findings. However, when the
samples are exposed to CO after 1 week on ice, the redness of the
samples increases to a level even more than that of fresh samples.
Figures 9.6e and 9.7e show that the a* value of the 100% CO treated
sample surpasses that of the fresh sample significantly. The same holds
for the 20% CO treated samples. As can be seen in Fig. 9.6f, the 20% CO
treated sample is more red than the original fresh mahimahi. Figure 9.7f
shows that the a* value is indeed higher than that of the fresh sample.
In either 100% or 20% CO treatment, there is no substantial change in
the L * value.

The potential implications of these results are that aged mahimahi
can be made to look more red than the fresh fish, and this enhancement
of color raises the issue of economic fraud.



138 Use of CO and Filtered Smokes

Fig. 9.6 Images of fresh mahimahi samples and (a) after 2-day storage on ice,
(b) after 48-h exposure to 100% CO, (c) after 48-h exposure to 20% CO, (d) after
7 and 9 days storage on ice (e) after 7-day storage on ice and then 48-h exposure
to 100% CO, and (f) after 7-day storage on ice and then 48-h exposure to 20% CO.

9.5 Recommendations

It is suggested that the use of high concentrations of CO, e.g., 100%,
can “impart” red color to either frozen/thawed tuna, or it can “restore”
the red color of grade C brown tuna to grade B or better. The same
applies to mahimahi: the color of week-old mahimahi can be made to
look like (or better than) than that of fresh by the application of high
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Fig. 9.7 Average L*, a*, and b* color values of fresh mahimahi and (a) after 2-day
storage on ice, (b) after 48-h exposure to 100% CO, (c) after 48-h exposure to
20% CO, (d) after 7 and 9 days storage on ice, (e) after 7-day storage on ice and
then 48-h exposure to 100% CO, and (f) after 7-day storage on ice and then 48-h
exposure to 20% CO.
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concentrations of CO, e.g., 100%. The “technical” capability of en-
hancement requires answers to these questions by the industry (self-
regulation), by the regulatory agencies (setting guidelines for the
application of CO), and by the academia (finding rapid methods for
CO exposure, hopefully quantitatively). This will assure safe, attractive,
but also an economically not “fraudulent” supply of seafood.
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USE OF MODIFIED ATMOSPHERE

PACKAGING TO EXTEND THE

SHELF LIFE OF FRESH FISH: A

CRITICAL LOOK FROM A

HISTORICAL PERSPECTIVE

Joe M. Regenstein

The shelf life of fresh fish is short. Commercially, this often makes the
transport and marketing of fish a challenge. Given that fish are often
harvested at sea, far from port, some of the available shelf life of a fish
is used up before the fish even reaches port. In addition, depending
on the time it takes to cool the fish to refrigerated temperatures from
the point of catch and death, significant amounts of shelf life may also
be lost because of the higher temperature, which speeds the loss of
shelf life. Therefore, the fishing industry has always been willing to
explore new technologies for shelf-life extension. This chapter will
focus on one such technique, changing the gaseous nature of the “air”
surrounding the fish. This requires packaging, of some sort, and so the
issue is not just dealing with modifying the gas atmosphere, but also
with the interaction with the packaging surrounding the fish.

This chapter will also focus only on fresh fish. Results with shellfish
or with further processed products such as smoked fish require a sep-
arate analysis. Data from one area should not be extrapolated to other
areas. Even within the area of fresh fish, the issues of cross-species and
actual conditions of the fish are variables that are hard to evaluate in a
laboratory setting.
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To start then in a systematic way, let us define some terms: The
first term modified atmosphere packaging (MAP) will be our major
focus. This refers to a system where the normal atmosphere, assumed
to be approximately 78% N2, 21% O2, and <1% CO2, is intentionally
changed to some other identified gas composition, the details of which
are discussed in this chapter. Because this system is used in a closed
packaging system, the atmosphere once changed cannot be monitored
or controlled. Over a period of time because of the biochemical activ-
ity of the product, i.e., the fish, and that of any microbes associated
with the product, the atmosphere will change. In addition, the packag-
ing system may permit some ingress or egress of air that will also lead
to changes in the composition of the gases within the package. (Gen-
erally, these packaging materials do not permit moisture exchange).
Given that most commercially feasible packaging for this type of sys-
tem involves plastics and not glass or cans, the permeability properties
of the packaging materials are important.

In other industries, e.g., apple storage, a procedure known as con-
trolled atmosphere storage is sometimes used. In this case a large stor-
age facility is used to maintain a unique atmosphere over a long period
of time. The atmosphere is monitored, and corrections are made reg-
ularly to keep it constant.

Given the above definitions, the procedure known as vacuum pack-
aging becomes a subset of MAP. In this case, most, but never all, of
the gas within the package is removed and no new gas is used to
replace the expelled gases. Changes inside vacuum packaging again
reflect both internal changes and the migration in and out through the
package. Because the amount of air or “headspace” is limited, changes
to that headspace can occur more rapidly. Thus, data obtained with
vacuum-packaged products may not reflect results that might be ob-
tained with a system with a larger gas volume. Furthermore, the use of
highly permeable film for vacuuming packaging might be appropriate,
but that requirement should not extend to the entire range of possible
MAP systems. And even then, the actual O2 permeability that should
be required needs further study. Clearly, at least one successful pro-
gram operated at O2 permeability rates that were less than the current
recommendations.

Given the above discussion, it is obvious that the processes being
discussed for fish are temperature sensitive. Generally, the closer one
is to 0◦C (32◦F) or even slightly lower, the slower are the chemical
reactions. Thus, some people recommend “supercooling” of fish, i.e.,
cooling to −1 to −2◦C (roughly 28–30◦F). This slows down many re-
actions even further, but so far this has not been feasible commercially
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for fish. The poultry industry on the other hand can legally go down to
26◦F (−3.3◦C) and still have a “fresh” product. However, at this tem-
perature a “crust freezing” occurs in fish, which would be detrimental
to the texture.

On the other hand, Hooke’s law of gas solubility in liquids states
that the dissolution (solubility) of gases into liquids (in fish it is often
80% or more water) is increased with a decrease in temperature. Thus,
the amount of headspace will be temperature dependent and will be
further complicated by the fact that one of the key gases, i.e., carbon
dioxide (CO2), reacts with water to form carbonic acid.

What gases might be involved in a MAP system? The three gases
already mentioned (N2, O2, and CO2) are often a part of a MAP system.
In addition, CO and Ar (carbon monoxide and argon) must also be dis-
cussed. What are the properties of these gases that are of interest to the
study of MAP? Both N2 and Ar are considered to be “inert” gases. Their
role is generally as a filler to make up part of the total volume of gas
that is not made up of the more active gases. On the other hand, these
gases can be used to create anaerobic conditions, i.e., the absence of
O2, which will permit a different microbial flora to grow. Generally in
real systems, one does not get true anaerobic conditions, but rather a
microaerophilic condition, which occurs when the O2 is very low. A
different set of microorganisms thrives in such an environment. How-
ever, some research has suggested some difference between Ar and N2

accompanied with suggestions that the benefits from use of Ar gas are
worth the additional cost.

On a quick examination, vacuum packaging accomplishes much the
same thing as the inert gases without requiring a gas supply. Again,
because the amount of gas surrounding the fish is so low, changes are
quicker, which is generally both negative and positive. Because there
is so little gas, the assumption that such a package will go anaerobic
may in this case be a reasonable assumption, but again should not
be extrapolated to a MA package with larger gas volumes. However,
an advantage of vacuum packaging over systems adding MAP gases is
that these gases can serve as an insulating layer, making it harder to
change the temperature; therefore, if temperature abuse occurs, then
restoring the proper cold temperature is easier with a vacuum, but the
temperature of the fish will also rise faster in the vacuum package. It
is, therefore, more important that a nonvacuum-packaged MAP system
use fish that are properly cooled before packaging.

CO2 is often thought of as being synonymous with MAP. This gas
has a negative effect on many types of microbes when used in suffi-
cient quantity. The exact mechanism of action is debated, but is not
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critical for this discussion and will not be addressed. Although CO2

actively eliminates the growth of spoilage microbes, the fact that some
microbes, e.g., lactic acid bacteria, generally survive CO2 is something
we also must carefully consider.

Also, CO2 when it goes into solution in a liquid does not simply
become a gas bubble! It has a finite solubility in liquid and becomes a
mild acid, i.e., HCO3– or carbonic acid. This change means that the gas
can often be preferentially “extracted” by the fish from the headspace.
As an antimicrobial agent, this is good—it is believed that the HCO3–
may be the active antimicrobial form.

However, this can also mean that the volume of gas in the headspace
will decrease significantly if CO2 is a significant component of the
gas mix. This leads to changes in the volume of gas in the package
surrounding the fish, i.e., the package may collapse inward. To avoid
this problem, the packer normally over flushes the package with gas
so that there is a slight bulge. However this has to be done carefully
if airfreight may be involved. Because the cargo area of an airplane
may not be pressurized, one needs to be sure that the package does
not explode. On the other hand, a bulging or sunken package in the
market is not attractive to the consumers.

From the point of view of airlines, MA packages have the advantage
of being sealed system—given the damage that fish juices can do to an
airplane, this is a distinct advantage.

This brings us to the final major gas, O2. Many people understand
MAP as being the absence of O2, i.e., to kill the desired microbial,
O2 must be eliminated. This is simply NOT true in many cases and
therefore any attempt to equate MAP with O2 free, i.e., as representing
only an anaerobic (no oxygen) atmosphere, can lead to inaccurate
conclusions. The fact that many researchers and regulators routinely
equate MAP with reduced oxygen packaging can be misleading and
often leads to over-simplistic and inappropriate conclusions.

O2 is a fairly active molecule and is associated with the process of
oxidation, i.e., the change of the chemical state of some biological
molecules. The most common of these reactions in foods is the oxi-
dation of fat (i.e., unsaturated fat) to make a product rancid. For some
of the fatty fish this is a concern and, for these species, the absence
of most O2 is helpful. Although many fish contain natural antioxidants
and additional antioxidants (which would have to be labeled) might
be a part of any system that retains O2 as part of the gas mixture. And
in the United States at this time, these are not the most popular species
and, therefore, less likely to be distributed in MAP.
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On the other hand, many fish species, particularly those often mar-
keted in the United States, are low in total fat, and therefore in unsat-
urated fat, and also have the natural antioxidants that prevent the O2

from doing damage to the product and so for the normal shelf life of
these fish, O2 can be present, leading to an aerobic (containing oxy-
gen) MAP system. Even the shelf life of some fattier fish, e.g., salmon,
seem to benefit from an O2-containing atmosphere without leading to
acceleration of oxidation.

Carbon monoxide (CO) is sometimes used in a MAP system. The
CO molecule “fixes” the color of the blood pigment hemoglobin and
the muscle pigment myoglobin. Currently, its direct use on fresh fish
is quite controversial, although it is essentially the active compound in
“smokeless smoke” that is being used to fix the color of tuna and
tilapia. (This is discussed in detail in other chapters of this book
and will not be dealt with further in this chapter.)

Now what exactly are we trying to do when we use a MAP treatment?
Generally, the discussion focuses on the extension of the shelf life,
i.e., permitting the marketing chain to have more time to move the
fish through the distribution system and on to the consumer. Other
users will focus on improving the quality of the fish during the normal
shelf-life period. Both of these somewhat vague terms, i.e., shelf life
and quality really along with the flip-side of “spoilage” need to be
defined carefully when discussing MAP systems. Therefore, we need
to undertake a more careful discussion of these three terms for fish
and try to understand what is happening to the fish during the entire
acceptable shelf-life period.

To start off, shelf life is a commercial term and relates the qualities
of the fish to the marketplace. The end of shelf life is when the con-
sumer rejects the product. In a few cases, the end of shelf life is when
the product becomes “unsafe” to eat, and in those cases the discus-
sion below must be modified. But for most fish properly cared for,
the consumer rejection (some definition of spoilage) occurs before a
“scientific” concern for safety or an obvious obnoxious flavor or odor
characteristics is detected in the product. Thus, consumers tend to re-
ject a product before it is “spoiled” to the point where a scientifically
trained taste panel is apt to reject it.

Although biochemical and microbiological tests can be used to de-
termine characteristics of fish that may be related to shelf life, it is
always actually necessary to prove that this is indeed the case. So
typical scientific methods like standard plate counts or chemical mea-
surements such as TVB (total volatile bases) may or may not work for
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a particular species of fish to determine in a meaningful way the shelf
life. These are probably more useful for determining a scientific point
of spoilage. But, again many of the off-flavors and off-odors are not
directly measured by most common laboratory tests.

Important note: The discussion of the limitations of scientific meth-
ods for the evaluation of shelf life and quality definitely should not be
extended to discussions of issues related to food safety. In the latter
case, the scientific tests for the presence of pathogenic organism are
very appropriate. However, the fact that many of the tests currently
available do not actually enumerate (count) the number of some of
these critical organisms but rather only give a present/not present or
in a best case a “most probably number” means that this data does
need to be used properly in making decisions.

Therefore, as a starting point for determining the shelf life, a human
taste panel must be used. Ideally, the panel is a consumer panel and that
should immediately suggest that the results from a panel may be just
that—their results. What is high quality, ordinary quality, low quality,
and unacceptable quality will vary depending on the perceptions of the
people selected for the panel. And so all of the obvious factors—age,
sex, ethnicity, geography (people from one country living in another
country may feel different about a product than people from the orig-
inal country!), time of day, the method of cooking and temperature of
the presentation of the product as served, and so forth—will impact
the results. Although knowing this information is essential for mar-
keters, it is not very helpful for evaluating the effects of a particular
treatment on the shelf life of fish.

So we need to look at an alternative approach. Thankfully, the sci-
entists at the Torry Fisheries Laboratory (Aberdeen, Scotland) of the
Ministry of Agriculture, Fisheries and Foods of the United Kingdom
worked out an alternative approach that has been extended to more
species and other formats by other researchers. (Aitken et al. (1982)
summarize much of the excellent work done at Torry.) They devel-
oped a set of sensory descriptors for the state of the fish by which
a highly trained taste panel should be able to evaluate and recognize
the changes that a fish undergoes normally over time under a well-
defined experimental “ideal commercial storage” condition. This has
been defined as fish that has been rapidly iced as whole gutted fish
(shortly after catch) and stored continuously in ice in a chill store
that is slightly above freezing, i.e., 2–4◦C (∼35–40◦F) so that the ice
can melt and continually wash the fish. For traditional wild catch fish
handling, this probably also qualifies as “best available practices.”
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For a particular species of fish, the changes in the many different
human sensory properties of both the raw and cooked fish can be
evaluated over the entire shelf-life period. Those that change routinely
with time under the ideal storage conditions and how they actually
change (i.e., the development of a comprehensive and understandable
lexicon of words) need to be determined in more detail. For any species
to create such a species-specific lexicon is a major undertaking. Once
these changes and their descriptors are established, a score sheet can
be prepared, which will describe the “state of the fish” at any point
in its normal shelf-life period. With a highly trained human panel, one
can then, assuming that language problems with the score sheet are
overcome, determine the state of the fish without knowing ahead of
time its actual storage age. For example, if the fish is stored properly
for 9 days, but presented to the panel as an “unknown,” they should
come back and tell you that the fish had been stored for between 8 and
10 days. And if the panel is properly monitored, their “determination”
of the age of the fish can actually be used in trade. Certainly in the
United Kingdom such a taste panel (actually, in practice two trained
fish inspectors) can legally determine the state of the fish for trade and
condemnation purposes.

Table 10.1 is the score sheet for gadoid fish (e.g., cod, haddock,
hake, pollock, cusk) in the raw state. Table 10.2 is the score sheet for
these same gadoid fish in the cooked state.

Australian researchers have simplified this system by developing a
set of generic factors that affect the shelf life of most species of fish
(Bremner et al. 1987). Using this score sheet, one can create graphs
of shelf life (time) versus some total number of “demerits” over time.
In many cases these plots are linear and so can be used in lieu of the
detailed species-specific score sheet, although the slope (a reflection
of the total shelf life) will vary and the demerit components entering
into the process at any one time may be different for different fish. An
example of such a score sheet is given in Table 10.3.

In either case, this determination of the state of the fish gives a
description of how far along a continuum the normal fish is with re-
spect to its shelf life with the normal handling regime described earlier.
However, thankfully, other market forms for fish (e.g., fillets, steaks)
can also, with some limitations, be evaluated using modifications of
the score sheets. Furthermore, for limited abuse handling (e.g., below
45◦F (7.2◦C) and some alternate shelf life extension techniques such as
MAP, the score sheets, again with some modification, continue to work
effectively. (That this should be so is not a foregone conclusion so that
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Table 10.3 Tasmanian defect scoresheet.

Fish identification Score Deteriorative process

Appearance 0/1/2/3: V. bright/Bright/
St. dull/Dull

Bacterial, chemical,
physical

Skin 0/2: Firm/Soft Enzymic
Scales 0/1/2: Firm/St. loose/Loose Enzymic, bacterial
Slime 0/1/2/3: Absent/St. slimy/

Slimy/V. slimy
Bacterial

Stiffness 0/1/2: Prerigor/Rigor/ Postrigor Enzymic
Eyes

Clarity 0/1/2: Clear/St. Cloudy/ Cloudy Physical
Shape 0/1/2: Normal/Sl. sunken/

Sunken
Iris 0/1: Visible/Not Visible
Blood 0/1/2: No Blood/Sl. Bloody/ V.

Bloody
Enzymic, physical

Gills
Color 0/1/2: Characteristic/Sl. Dark/V.

dark 1/2: Sl. Faded/V. faded
Bacterial

Mucus 0/1/2: Absent/Moderate/
Excessive

Bacterial

Smell 0/1/2/3: Fresh Oily/Fishy/
State/Spoilt 0: Metallic,
Seaweed

Bacterial

Belly
Discoloration 0/1/2/3: Absent/Detectable/

Moderate/Excessive
Enzymic, bacterial,

physical
Firmness 0/1/2: Firm/Soft/Burst Enzymic, bacterial

Vent
Condition 0/1/2: Normal/(Sl. Break/

Excessive 1/2: Exudes/
Opening

Enzymic

Smell 0/1/2/3: Fresh/Neutral/
Fishy/Spoilt

Bacterial, enzymic

Belly cavity
Stains 0/1/2: Opalescent/Greyish/

Yellow-brown
Chemical

Blood 0/1/2: Red/Dark red/Brown Physical, chemical

Source: Bremner et al., 1987.

for species that have not previously been evaluated, this relationship
needs to be properly established by appropriate experimentation.)

Now what does this all mean for the evaluation of studies of MAP-
treated fish? It means that we can do better and more critical research
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on the impact of MAP systems on quality and spoilage with those
species that have been scientifically validated within the framework
of mild abuse conditions by using these score sheets. (Although the
range of abuse conditions has not been properly established, practical
experience suggests that these score sheets are certainly appropriate
for fish storage below 7–8◦C (45◦F) or so). Using this system permits
researchers to determine the state of the fish as the equivalent to the
normal ideal commercial storage and gives a common language for the
evaluation of fish quality and spoilage, both at the time of MAP and
during the shelf life studied.

To clarify the numerology, we will give an example to try to make
this clearer. If we have a whole, gutted fish on ice that is 6 days old
(time since death/harvest) and a MAP-treated fillet of the same species
that has the same characteristics as this 6-day-old fish but is actually
9 days old, we will have extended the shelf life for that fish at that state
of the fish description level about 50% [(9 − 6)/6 × 100], i.e., a 50%
increase in the shelf life of a score 8 fish. (Each of the scores in Tables
10.1 and 10.2 represent approximately 3 days of storage.)

The state of the fish descriptors are the terms used by the human
taste panel to determine the equivalent age. But these descriptors can
also be viewed as being helpful in thinking a bit more carefully about
quality with respect to fish. And for MAP to be properly used with dif-
ferent fish, these issues need to be discussed and understood by those
who would use MAP. Looking at these descriptors for gadoid fish,
particularly for cooked flavor, one can subjectively assign some con-
sumer quality perception judgments to these descriptors that might
have some validity in the marketplace. Turning to the gadoid fish, let
us focus on the flavor descriptors in Table 10.2.

These descriptors were selected specifically because they vary and
can be used to determine the age of the fish, so do not totally de-
scribe the flavor of the fish. Because of this issue, some descriptors
that might be important to consumers are not used, e.g., ammonia,
which is sometimes found in these fish. However, the presence of
ammonia comes and goes in these fish for reasons we do not really
understand and, therefore, cannot be used diagnostically, but as a fish-
monger one would certainly not want to have ammonia present when
your customer cooks the fish. But for now let us use these descriptors
to establish a potentially important point about fish quality that is not
always appreciated by most scientists, fishmongers, and certainly not
by the consumers. Working backward. Most people, if asked, would
say that fish quality is unidirectional. You start with the freshest fish
(the presumptive “gold standard”) and it is only down hill from there.
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So you have high quality followed by ordinary quality followed by low
quality followed by unacceptable quality. This ordering of quality may
in fact be wrong.

We would postulate, and work over the years at Torry as reflected
in the score sheet and the work surrounding this effort would support
this conclusion, that gadoid fish when freshly caught are for most
consumers not very tasty. The metallic quality can actually be quite
offensive to some consumers. (The author has had a chance to eat
fish that fresh and found it quite unpleasant). So, in fact, the fish starts
at low quality, builds up to high quality (that creamy, typical seafood
flavor), which characterizes these fish from day 4 to day 9, and then
goes from there to ordinary quality (bland, i.e., score 7 “neutral” and
score 6 “insipid”) and then on to low quality with off-flavors appearing
as light background notes and subsequently moving to unacceptable
flavor when these off-flavors become stronger. In the latter case, these
off-flavors are beyond the acceptable shelf life and the score sheet is
usually terminated at score 3 since score 2 and score 1 are simply
beyond what people normally want to see in writing!

We should note that the consumer preference for what we have
called high quality versus ordinary quality might vary, i.e., some con-
sumers might actually prefer score 6 over score 9. In any case, we
have established that fish, like most animal flesh products, benefits
from limited careful aging. The freshest is not always the best. And for
other types of fish, the patterns may be quite different. For example,
flatfish (e.g., flounder, fluke) have more dramatic flavor changes during
normal shelf life, which means to an individual consumer the high, or-
dinary, and low quality may be very different—a real challenge for the
industry. Table 10.4 shows only the flavor scores, which change dra-
matically during the fishes’ shelf life; what actually would be the most
favorable flavor for consumers? Informal surveys in various classes have
suggested that score 8 and 7 are actually preferred with respect to the

Table 10.4 Torry scores for iced flatfish.

Score Descriptor

10 Meaty, very slightly bitter, shellfish, slightly garlic flavored
9 Oil, rather herring-like, metallic, but still meaty
8 Curry, seasoned meat, oniony, spicy, peppery, canned meat
7 Neutral flavor, only slightly sweet and meaty
6 Slight rancid, slightly sour, slightly bitter

Source: Regenstein and Regenstein, 1981.



Use of MAP to Extend the Shelf Life of Fresh Fish 157

emotional impact of the words. Salmonids (i.e., salmon, trout) have a
different pattern. These fish seem to show very little discernible flavor
changes over their acceptable shelf-life period, but toward the end of
their shelf life they rapidly develop off-flavors (rancidity) that quickly
take an acceptable fish to a fish that is beyond its shelf life. So the
system we have described does breakdown to a certain extent with
salmonids.

Why have we taken so long to review these issues? This could be
mainly because any evaluation of a fish in MAP needs to look at the
actual state of the fish over the extended shelf-life period, i.e., which
states of the fish is one extending? And from a marketing point of
view are these high, medium, or low quality, and how do these change
during the time the product is in the marketplace? If you are only
extending the low-quality period, is this really what you want to be
doing?

Some of the work, again mainly at Torry and also in other European
fish laboratories, suggests that many of the qualities of high and even
ordinary quality fish may be reflective of the fish’s biochemistry, i.e.,
the changes are caused by the natural aging process in these fish. This
means that MAP will generally not extend the shelf life at that level;
however, temperature will control the rate of change. As one moves
into the ordinary or lower quality range, the transitions that reflect
the development of off-flavors in particular may be due to the impact
of the microbial load, and as the spoilage microbes are reduced, the
time in those states would be extended by MAP. (Many consumers, as
we have indicated, are quite happy with a score 7 gadoid fish, even
score 6, whereas others will consider this unacceptable and prefer the
score 9 and 8 fish!)

So excellent temperature control is probably even more important
if MAP is to be successful. So MAP is not an excuse for or solution to
a problem of poor temperature of distribution.

Having established the above framework, let us now address a few
practical issues that need to be evaluated if one has to consider MAP
of fish commercially.

The dissolution of CO2 into the MA packages have some additional
ramifications that need to be thought about. First, the carbonic acid
formed means that you have acidified the fish. This will affect the flavor
slightly (note that different people have different sensitivities—you
need to consider those of your most discerning consumers) and this
pH change may actually affect the biochemical rates a little (probably
slowing them down), but this is only a hypothesis that we believe
has not been tested scientifically. The acid in the package may also
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affect the odor when the package is opened. The acidic environment,
if the package is smelled immediately after opening, may appear to the
customer to have a slight acrid note, which is not particularly pleasant.
This dissipates very rapidly, but can be a turn-off for the product.

A possible approach to consider with respect to “bag odor” and
other issues (see below) is to use a master-pack MAP shipper. With a
highly permeable film on each package, the individual packages are
not kept in the modified atmosphere once the master-case is opened.
So one has MAP during commercial handling, but an oxygen pack
at the consumer level. For those fish that might require an anero-
bic MAP system for shelf life extension, this approach would prevent
consumer abuse of an anerobic package, which some have suggested
might present a botulism challenge (see below for a more detailed
discussion).

Second, a MA package can be a nice package for marketing. The
sealed package permits central packing of what can be an attractive
container (as long as drip is properly controlled, see below), especially
if the fish can be cooked right in the container so that the consumers
does not have to handle the raw fish, i.e., get their hands dirty or make
their home smelly! Consumer perception work by Bisogni et al. (1987)
has shown that two issues the residual odor on the hands and the smell
in the house are extremely important turn-offs to fish consumption.
These are issues that the industry needs to pay more attention to.

Third, the acidification may increase the drip. The normal solution
would be to put in a “diaper” to collect this drip so that the package
would not appear unsightly. Obviously, this would require that the
consumer removes the diaper before cooking, possibly negating some
of the marking advantage of prepackaged fish. And for a MAP system it
has another disadvantage. The success of the system depends on the
fish being in contact with the air. So putting the fish on a “dimpled”
bottom surface so that the gas can pass underneath may be advanta-
geous. On the other hand, the use of a “diaper” to absorb drip needs
to be carefully considered, as it will interfere with gas movement. Be-
sides all this, the amount of fish in one package can also be important
in preventing anerobic pockets in products that are packed with O2.

Another issue to consider is the fish-to-atmosphere volume. A
larger gas volume means that the composition of the atmosphere
changes more slowly. This is generally beneficial as the initial atmo-
sphere was selected because of its favorable characteristics. However,
commercially a practical proportion must be developed as the con-
sumer does not want to see a big package with a small amount of
fish, though such packages were successfully marketed at one time by,
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among others, Marks and Spencer in the United Kingdom (Regenstein,
personal communication, 1983).

A reminder to those doing the experiments: given some of the is-
sues mentioned above, it is very important that any research be done
taking these factors into account and properly reporting them in the
resulting scientific reports. A laboratory MAP experiment in a glass jar
with a 50 g fillet may not be an appropriate surrogate for the actual
fish/gas/packaging system used commercially; therefore real world use
testing, which is identical to what eventually will be used in the mar-
ketplace, is absolutely essential to ensure the integrity of the MAP
program.

Finally, let us try to look at the botulism issue. This is a controver-
sial issue and the following represents one way to look at this issue.
Clostridium botulinum is a spore-forming bacterium that must have
an anaerobic environment to go from the spore to a vegetative cell.
When vegetative cells emerge in an anaerobic environment, the or-
ganism can produce a toxin, which despite its current popularity with
folks trying to prevent wrinkles is actually quite dangerous. The toxin
is, however, heat sensitive, and the researchers at the Torry Laboratory
suggest that even the normal cooking of fish (not a particularly exten-
sive cooking in most cases) is actually sufficient to destroy the toxin.
But generally, it is better not to have the toxin around (although that
the presence does mean an extra hurdle with respect to MAP safety).
Now let us look at some of the considerations that might be helpful in
evaluating this issue:

(1) If the botulism organism can be found in fish, generally it is more
likely to be found in higher amounts in freshwater fish than in
saltwater fish. Among saltwater fish, those closest to the coast
are more likely to have spores. Since commercial saltwater fish
are generally off-shore, botulsim spores tend to be more prevalent
in the sports catch rather than the commercial catch.

(2) The number of organisms found on any one fish is fairly small (a
hundred in one fish would be relative high). They are initially on
the surfaces of the fish, i.e., external. With processing, they can
get into any cracks or cuts, but not into the central essentially
sterile tissue material.

(3) The spore needs to have appropriate conditions to germinate, and
then it needs to grow vegetatively so as to get toxin formation. As
a vegetative organism, C. botulinum is not very competitive. It
should also be noted that CO2, although toxic to many organisms,
is not toxic to all, and the lactic acid bacteria, which are fairly
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ubiquitous in fish but not of any major consequence to spoilage
or harmful to humans, are not particularly sensitive to CO2 and
so these lactic acid bacteria are likely to be there as a competitive
organism limiting the growth of C. botulinum. (But note, that like
the carbonic acid itself, the lactic acid formed may contribute to
the “bag odor.”)

(4) Procedures used to study potential growth and toxin production
on fish are often limited to questionable inoculation methods.
Common approaches involve use of spores specifically selected
and grown to include blends of various types of C. botulinum
to assure a viable mix. The resulting mixes have been applied
in amounts ranging from 100 000 to 100 spores per gram of fish
weight. This loading rate is above the natural amounts found on
the surface of fish, which do not exceed 100 per gram. Likewise,
the inoculation applies the grown spores on the cut surface of
50–100 g fish “portions” or cuts, rather than whole fish, fillets,
or steaks. Earlier studies actually injected the spores into the ster-
ile portion of the fish muscle. One should not be surprised to
find that under such circumstances MAP has no controlling ef-
fect on botulism outgrowth, neither the gas nor the competitive
organisms are available. Likewise, chemical treatments would be
equally ineffective. In recent years, more researchers are spread-
ing the inoculum on the surface, but in this case, with such a large
load, the fluid associated with the inoculum and the presence of
large amounts of the organism may change the pattern of compe-
tition between the botulism and other organism. Again, are these
valid tests and are these applying appropriate or excessive safety
factors?

(5) Furthermore, abuse conditions, generally temperatures like 10◦C
(50◦F) or more, are used to permit the spores to germinate and
grow. Although it is possible that such high temperatures might
exist in developed countries for a day or two, such temperature
exposure is highly unlikely for extended periods of time in the
United States—and one has to question whether a program based
on allowing such abuse conditions should be the basis for regula-
tory decisions concerning toxins present in raw products. And,
of course, the testing for toxin presence is then done on the raw
product.

(6) There is a clear disconnect between the laboratory studies and the
reality in the marketplace. Under various abuse conditions, often
quite abusive, fish can develop botulism toxin before spoilage.
This is the scientific criterion for concern, but is it realistic to base
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the safety of foods on data showing excessive botulism spore at
20◦C being a problem? The critical fact is that, to date, although
MAP has been widely used in many countries including the United
Sates, the actual documented incidents of toxin causing human
health problems is ZERO. (Please note, we are ONLY talking about
fresh fish—processed and smoked fish are very different and bo-
tulism is a real issue—but fresh fish seem to be “tainted” by a
“guilt by association” relationship that it may not deserve.)

(7) A comment about “spoilage” is also necessary. Often this term
may be used poorly without a careful definition. Coupled with
a lack of detail on the fish quality being used in many of the ex-
periments, the questions that can be raised makes much of the
data suspect, especially in light of the absence of real world prob-
lems. It is interesting to note that the work in the early 1980s by
the group under Dr. Cann, a specialist in botulism work, working
with the Torry scoring system and a critical understanding of fish
quality issues led to a favorable attitude toward MAP systems, as
recommended by the station.

(8) But to be very conservative in establishing MAP fresh fish pro-
grams, we would encourage anyone using such systems to put
the following information on their packages: “Please refrigerate
at all times” and “Please cook before serving.” We would also rec-
ommend that initial programs focus on off-shore saltwater fish.
In shore and aquaculture operations should probably be encour-
aged to monitor their fish on a regular basis for the presence of
botulism spores.

Thus, we believe that MAP, if used properly for the right commercial
reasons, offers sufficient benefits to both the fishing industry and to
consumers thereby suggesting that this is one of many alternatives
that the industry should consider and use as part of a high quality fish
marketing program. The use of MAP to make up for defects in fish
quality and/or limitations in transportation will only lead to consumer
unhappiness and a black mark for the process. We strongly encourage
the right people to use this technology for the right reasons in the
right way.
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HAZARDS ASSOCIATED WITH

CLOSTRIDIUM BOTULINUM IN

MODIFIED ATMOSPHERE

PACKAGED FRESH FISH AND

FISHERY PRODUCTS

Guy E. Skinner and N. Rukma Reddy

11.1 Introduction

In modern society today, we tend to take our way of life for granted. We
get up with our alarm clocks powered by electricity, many of which
have a television band, shower in our showers with hot water that
we take for granted to be clean and potable. We go to the kitchen to
our coffee makers, which have been programmed to have our coffee
ready when we get to the kitchen. We grab a waffle, either one from
the freezer, or now they make them that do not require refrigeration.
We put them in the toaster and toast them nice and brown in a minute
or so. We pull breakfast sausage or bacon out of the freezer and heat
it in the microwave for 30 s. Our daily routine is quite a contrast from
our parent’s or grandparent’s life. We take all these technologies for
granted.

It has only been a couple of centuries since we were forced to eat
food as it was harvested. We really had no or few means of preservation
other than salting and allowing foods to dry naturally, hoping that the
drying was quick enough to keep us from getting sick from the out-
growth of pathogens. Fermentation was another traditional method of
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preservation, and some of the traditional products such as uneviscer-
ated fish known to some as kapchunka, or one of many fermented fish
or fishery products (i.e., fermented beaver tail and paw, whale blubber
(muktuk) or seal flipper) continue to be a problem from a foodborne
illness point of view.

Many processing technologies have advanced tremendously in re-
cent times. Demographics of our society have changed drastically as
well. Look at the demographics of our society today. We have a society
that is more susceptible to foodborne illness due to the large older
population and the presence of other immunocompromised popula-
tion categories.

With ready-to-eat meals available in the grocery store, and buying
prepared foods at restaurants for home consumption being common-
place, there is a greater period of time between food preparation and
meal consumption. In addition, we have seen a reduction in traditional
food preservation methods like salting and smoking and an increase
in the addition of preservatives and methods of preservation such as
irradiation.

Consumers are demanding foods that require minimum preparation
time (often such foods are ready to eat and just require warming),
taste good, are nutritious, low in fat, low in salt, etc. According to
Carol Brookins, who noted at the Global Food and Agriculture Summit
in 1999, “consumers are demanding miracle foods that are totally nat-
ural, have zero calories, zero carbs, zero fats and cholesterol, delicious
taste, total nutrition, low price, environmentally friendly production,
‘green’ packaging. . . . and that guarantee perfect bodies, romance and
immortality.”

Consumers do not want to be limited in what they can eat and
they want it to be healthy and convenient. The category of ready-to-
eat refrigerated foods is growing and the retail space in the grocery is
expanding to accommodate consumer demands. As food processors
try to meet consumer demands, they are developing new packaging
methods to push the shelf life of various products to their maximum
limits. This is happening with ready-to-eat products, often referred to
as extended shelf life (ESL) refrigerated foods. Many of these types of
products have a unique set of safety issues, many which are pertinent
to our discussion here today. In addition, processors are working to
extend the shelf life of raw, traditionally very perishable foods, like
fresh fish and other seafood products.

We as a food industry have done a great job meeting consumer needs
while still keeping all these foods safe. Questions regarding food safety
have kept research laboratories busy, evaluating food products and the
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pathogens that may be present in them. Certain products, because of
their ingredients, means of packaging, or composition, are at risk from
Clostridium botulinum neurotoxin production.

11.2 Clostridium botulinum: History and control

C. botulinum and its toxin have been a concern for hundreds of years
as a hazard associated with preserved food. Botulism, the illness caused
by C. botulinum, has been associated with consumption of blood
sausage as far back as the 1700s (Eklund 1982; Smith 1977). This asso-
ciation led to the term “botulinus,” meaning blood sausage (Dolman,
1964; Meyer 1973; Rhodehamel et al. 1992). Botulism was recognized
as “sausage poisoning” during the eighteenth and nineteenth centuries
(Smith 1977). The actual details of this outbreak were researched by
Van Ermengem in 1896 during the investigation of a case of botulism
caused by consumption of raw, salted ham. Van Ermengem (1897) iso-
lated the causative organism and gave the name Bacillus botulinus. On
the basis of the details provided in Van Ermengem’s investigation, it
was found that the organism was apparently a nonproteolytic type B
strain; unfortunately, the isolate has since been lost (Eklund 1982).
This discovery was the beginning of the study of the spore-forming
pathogen, Clostridium botulinum, and the study of ways to safely
preserve foods.

C. botulinum is an anaerobic, gram-positive, spore-forming rod that
produces a potent neurotoxin. The spores are heat resistant to varying
degrees and can survive in foods that are inadequately or minimally
heat processed. Seven types (A, B, C, D, E, F, and G) of C. botulinum
neurotoxin are recognized, based on the antigenic specificity of the
toxin produced by each strain (Anonymous 1992).

The seven types of C. botulinum are further classified into four
groups based on their proteolytic activities (Hauschild 1989; Sakaguchi
1979; Smith 1977). Group I comprises all types of type A and prote-
olytic type B and F strains. Group II consists of all type E strains and
all nonproteolytic type B and F strains. A few strains of type C and D
are mildly proteolytic but have been placed in group III (Smith 1977).
Group III contains all type C and D strains, and group IV contains the
proteolytic but nonsaccharolytic type G strains. In addition to degrees
of proteolysis, there are other differences between the four groups
(Hauschild 1989). This chapter will focus on types A, B, E, and F of
groups I and II, which are those types that are linked to or involved
in foodborne botulism outbreaks. Proteolytic types (group I) degrade
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Table 11.1 Limiting conditions for C. botulinum growth.

C. botulinum C. botulinum
proteolytic nonproteolytic

types A, B, and types B, E, and
Limiting factor F (group I) F (group II)

Minimum pH 4.6 5.0
Minimum growth temperature 10◦C (50◦F) 3.3◦C (38◦F)
Minimum water activity (Aw) 0.93 0.97
Minimum water phase salt 10% 5%

Source: Compiled from FDA (2001).

complex proteins and therefore their growth is generally accompa-
nied by mild to strong putrid off-odors. Nonproteolytic types of C.
botulinum (group II) types grow without the production of off-odors
that are characteristic of the proteolytic types. Proteolytic types of C.
botulinum are inhibited by pH below 4.6 (Lynt et al. 1982; Ohye &
Scott 1953; Riemann 1969), whereas nonproteolytics are limited at a
pH of 5.0 (Table 11.1) (FDA 2001; ICMSF 1996; Peck 2002).

Depending on the food matrix, higher pH may be required for
growth and toxin production by both types. Proteolytic and nonprote-
olytic types differ in their growth requirements and their resistances to
various extrinsic factors. Proteolytic types of C. botulinum (group I)
have a minimum growth temperature of approximately 10◦C (50◦F)
and can therefore be controlled by refrigeration. Nonproteolytic types
(group II) have been found to grow at temperatures as low as 3.3◦C
(38◦F) (Table 11.1) (Eklund et al. 1967a, 1967b; Schmidt et al. 1961).
Some studies have shown that C. botulinum is able to grow at temper-
atures as low as 3.0◦C (37.4◦F) (Graham et al. 1997; Lund & Peck 2000;
Peck 2002). The fact that nonproteolytic types can grow at refriger-
ation temperatures makes them more difficult to control. Proteolytic
group I C. botulinum are more resistant to salt, having the ability to
grow in the presence of water phase salt contents of near 10%. Non-
proteolytic group II types are more sensitive to water phase salt, being
inhibited by 5% (FDA 2001). Proteolytic types are more tolerant of low
water activity conditions; these are able to grow at water activities (aw)
above 0.93 (Table 11.1), while nonproteolytics grow at a aw of 0.97
(FDA 2001). The actual aw of inhibition will depend on the solute that
is present (Sperber 1982).

The heat resistance of proteolytic and nonproteolytic C. botulinum
spores varies. Proteolytic spores are, as a group, more heat resistant
than the nonproteolytic types (ICMSF 1996). Therefore, less heat is
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necessary to inactivate nonproteolytic types of C. botulinum than
the more resistant proteolytic types. It is generally recommended that
products with an ESL receive at least a 6 decimal reduction in psy-
chrotrophic spores (nonproteolytic types) of C. botulinum (Gould
1999). The botulinum working party of the European Chilled Foods
Federation noted that this reduction may be achieved by heating to
90◦C for 10 min or the equivalent (Gould 1999; ICMSF 1996).

Data on the number of spores that may be present in a food or raw
material, including an estimate of the maximum that has been found
in many food products, are important when performing an assessment
of the risks posed by C. botulinum. There are very limited data on the
quantity of C. botulinum spores present in food products, including
fresh fish and seafood products.

Numerous inoculation studies have confirmed that spores of C.
botulinum may germinate, grow, and produce toxin in seafood prod-
ucts such as blue crab, oysters, surimi, fish fillets, mussels, etc., under
specific conditions of packaging and incubation temperatures. There-
fore, controls must be found to inhibit toxin formation when there is
a risk. As mentioned above, refrigeration at less than 10◦C (50◦F) can
inhibit proteolytic types of C. botulinum. Unfortunately, temperature
abuse sometimes occurs at the processor, retailer, and/or consumer
level. Temperature abuse increases the risks associated with botulinal
toxin formation in susceptible foods.

An important case attributable to temperature abuse resulted in in-
creased industry and regulatory awareness, which ultimately improved
the safety of fishery products. An article published in Food Technol-
ogy (Anonymous 1964), in 1963, reported that two deaths occurred in
Kalamazoo, MI, due to the consumption of smoked whitefish but no
source of the product was found. Upon investigation by the FDA, it was
found 4 days later that two additional deaths had been reported from
botulinal poisoning in Knoxville, TN, also attributed to smoked white-
fish chubs shipped by a company in Grand Haven, MI. This informa-
tion resulted in finding three additional deaths attributed to botulism,
(September 30 and October 7, 1963) representing a total of seven
deaths. FDA districts were alerted to notify local and state officials to
warn the public and oversee the destruction of any affected product
(Anonymous 1964). In its warnings to destroy the smoked fish, FDA
emphasized that this applied to fish caught in the Great Lakes or pro-
cessed in plants located in the Great Lakes area. The outbreak led to an
extensive investigation by the FDA and to a special advisory committee
of scientific experts to determine the cause of the type E outbreak. In
the investigation, other outbreaks of type E botulism were investigated
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and it was found that at least one of them was believed to be caused
by lack of refrigeration of the product, resulting in type E toxin for-
mation. These incidences led to actions such as freezing of fish until
it was delivered to the consumer. This group of occurrences also led
to the formation of the Interagency Botulism Research Coordinating
Committee (IBRCC), which still meets on an annual basis to discuss
pertinent issues regarding C. botulinum.

11.3 Shelf-life extension of fresh fish and fishery
products using MAP

It is well known that fresh fish and seafood products are very suscepti-
ble to postmortem microbial growth. Microbial action on fish proteins
results in potentially strong off-flavors and off-odors, contributing to a
short shelf life and economic loss. Because of the susceptibility of fish
to spoilage, only a small proportion of fish and other seafood prod-
ucts sold in the United States are sold as fresh (Reddy et al. 1999).
Spoilage may result from insufficient cooling, poor storage conditions,
and inadequate refrigeration during distribution (Pedrosa-Menabrito
& Regenstein 1988). The most common ways of slowing the adverse
effects of spoilage bacteria on fresh fish are mechanical refrigeration
and the application of ice. Because of the susceptibility of fresh fishery
products to rapid spoilage, numerous technologies have been sought
to extend the shelf life. Modified atmosphere packaging (MAP) as a
supplement to ice and/or refrigeration has been investigated as a vi-
able method to reduce losses associated with fresh seafood products
(Reddy et al. 1992; Stier et al. 1981; Wolf 1980). CO2 and N2, ei-
ther alone or in combination, are the gases used most commonly in
the packaging of fresh seafood products, along with the occasional
use of small concentrations of O2 (Statham 1984; Yambrach 1987).
Each of these gases plays a specific role in the extension of seafood
shelf life (Genigeorgis 1985; Ogrydziak & Brown 1982; Veranth &
Robe 1979; Wilhelm, 1982). CO2 extends the lag phase and generation
time of bacteria, yeast, and mold, thus delaying spoilage (Finne 1982;
Genigeorgis 1985; Parkin & Brown 1982). The exact bacteriostatic
effects of CO2 in a packaged product are dependent on the initial mi-
crobial population, the temperature the package is exposed to, and the
specific product in the package. High levels of CO2 reduce the micro-
bial growth in a wide variety of products (Genigeorgis 1985; Ogrydziak
& Brown 1982; Yambrach 1987). The potential mechanism of inhibi-
tion has been discussed by Genigeorgis (1985), who indicates that the
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antimicrobial activity may be due to surface pH changes resulting from
CO2 absorption to the food surface and subsequent formation of the
inhibitor carbonic acid.

Reddy et al. (1992) reviewed studies that describe some negative
effects of high levels of CO2 in a package, such as decreased water-
holding capacity and potential color and textural changes in the prod-
uct. N2 is an inert filler gas used with other gases such as CO2 and O2

(Genigeorgis 1985; Statham 1984; Wilbrandt 1987). N2 has little if any
effect on bacterial growth and product shelf life, but does help keep
packages from collapsing as CO2 dissolves into the product (Statham
1984).

Eklund (1982) notes that gas mixture combinations optimal for shelf-
life extension, along with films of specific gas permeabilties, can be in-
corporated to greatly extend the shelf life of various refrigerated foods
by inhibiting the growth of gram-negative pseudomonads and other
gram-negative psychrotrophs. These psychrotrophic bacteria produce
chemical spoilage indicators, such as trimethylamine, total volatile ni-
trogen, hypoxanthine, and ammonia (Banks et al. 1980; Brown et al.
1980; Cann et al. 1983; Eklund 1982; Molin et al. 1983; Oberlender
et al. 1983; Pedrosa-Menabrito & Regenstein 1988, 1990; Wang &
Ogrydziak 1986; Wilheim 1982). These bacteria, if conditions allow,
can grow and produce off-odors. Inhibition of these spoilage bacte-
ria thus extends the shelf life of the products, and often selects for
gram-positive streptococci and lactobacilli since these are more toler-
ant of elevated levels of CO2 (Eklund 1982). The gram-positive bacte-
ria generally grow at a slower rate and produce only mild off-odors.
The specific gases and their concentrations, along with the specific
film permeability can be tailored to optimize the shelf life of various
products.

The use of high-barrier film in conjunction with CO2 atmospheres
is effective in inhibiting bacterial growth during refrigerated storage
of a variety of fresh fishery products. Inhibition of bacterial growth
attributable to the use of a CO2-enriched modified atmosphere has
been successfully used with cod and cod fillets (Jensen et al. 1980;
Stenstrom 1985), freshwater crayfish (Wang & Brown 1983), salmon
(Fey & Regenstein 1982), rockfish (Lindroth & Genigeorgis 1986), rock-
fish and silver salmon (Brown et al. 1980), rockfish fillets (Parkin et al.
1982), rockcod (Mokhele et al. 1983; Wang 1984; Wang & Ogrydziak
1986), finfish and finfish fillets (Banks et al. 1980; Lannelongue et al.
1982b), flounder fillets (Llobrera, 1983), fresh salmon (Barnett
et al. 1982; Reddy et al. 1997b), snapper fillets (Scott et al. 1984,
1986), cod fillets (Reddy et al. 1999), tilapia fillets (Reddy et al. 1996),
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swordfish steaks (Oberlender et al. 1983), ocean perch and sea trout
(Richter & Banwart 1983), perch, sea trout, croaker, and blue fish
(Banks et al. 1980; Gray et al. 1983), trout (Barnett et al. 1987),
trevella (Statham & Bremner 1985, 1989), cultured yellowtail fillets
(Yasuda et al. 1989), sardines (Fujji et al. 1989), brown shrimp
(Lannelongue et al. 1982a), scallops (Statham & Bremner 1986), and
dungeness crab (Parkin & Brown 1983).

The shelf-life extensions provided by MAP are well researched. How-
ever, there are issues regarding the safety of MAP techniques that
need to be addressed. Researchers state that safety concerns in prod-
ucts packaged in MAP arising from pathogens such as Salmonella,
Staphylococcus, Clostridium perfringens, Yersinia, Campylobacter,
and Vibrio parahaemolyticus may not be greater than concerns in
the same products stored in air (Eklund & Jarmund 1983; Goodfellow
1982; Hintlian & Hotchkiss 1986; Reddy et al. 1992; Silliker 1982;
Silliker & Wolfe 1980; Statham 1984). MAP results in an anaerobic at-
mosphere, which favors pathogens such as C. botulinum. Anaerobic
conditions, combined with the ESL of the products packaged within,
may allow C. botulinum spores to germinate, grow, and produce toxin.
This risk is elevated in the event of temperature abuse, which can oc-
cur at numerous stages in the food chain (Daniels 1991). An important
issue in MAP fresh fish or seafood products is the ability to keep foods
cold enough during the entire shelf life, including harvest, catch, pro-
cessing or packaging, transportation, and storage, including retail.

11.4 Clostridium botulinum and MAP fish and
fishery products

In response to safety concerns involving vacuum and MAP of fresh
fish, the National Advisory Committee on Microbiological Criteria for
Food published a document discussing the risks (NACMCF 1992). The
committee determined that the primary preventative measure against
toxin formation by nonproteolytic types of C. botulinum is to maintain
product temperature at or below 3.3◦C (38◦F) (NACMCF 1992). This
committee also recommended the use of vacuum packaging and/or
MAP only under the following conditions: products must be packaged
under an established HACCP plan, detectable spoilage and consumer
rejection precedes the possibility of toxin production, high-quality raw
fish is used, the packaged product is stored at or below 3.3◦C (38◦F),
and the product is adequately labeled for shelf life, storage tempera-
ture, and requirements for cooking. Because of the conflicting reports
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regarding the risks of botulism, the National Oceanic and Atmospheric
Administration (NOAA) placed a moratorium on the inspection and
certification of noncommercially sterile fishery products either vac-
uum packaged subjected to a modified atmosphere or controlled at-
mosphere, and held under refrigeration temperatures (Reddy et al.
1992).

In response to the potential safety concerns regarding such prod-
ucts, in September 2002 FDA issued an import alert, IA #16-125 -
9/25/2002, “Detention without Physical Examination of Refrigerated
(Not Frozen) Vacuum Packaged or Modified Atmosphere Packaged
Raw Fish and Fishery Products Due to the Potential for Clostridium
botulinum Toxin Production.” (Source: http://www.fda.gov/ora/fiars/
ora import ia16125.html.)

In MAP fresh fish or seafood products, the specific hazard would be
from C. botulinum nonproteolytic types B, E, and F, which, if condi-
tions are right, can grow and produce toxin without the production of
off-odors that are characteristic of the proteolytic types. As mentioned
previously, nonproteolytic C. botulinum have been found to grow
at temperatures as low as 3.3◦C (38◦F) (Eklund et al. 1967a, 1967b;
Schmidt et al. 1961) or even 3.0◦C (37.4◦F) (Graham et al. 1997; Lund
& Peck 2000; Peck 2002). Most people think of type E as being the only
nonproteolytic type of concern; however, NACMCF (1992) provides
recommendations for inoculation studies in MAP refrigerated foods,
which include the use of nonproteolytic types B and F. Doyle (1991)
included nonproteolytic type B and F in his recommendations for in-
oculation studies to evaluating the potential risk from ESL refrigerated
foods by C. botulinum. The inclusion of more strains does increase the
cost and manpower and many studies have only used type E strains.

Regardless of the relative growth rate under various atmospheres
or film permeabilities, C. botulinum has been shown to form toxin
in fish and fishery products after various times of storage. Skinner and
Larkin (1998) compiled the literature data indicating the time required
for spores of C. botulinum to produce neurotoxin at different temper-
atures. All data were included, whether studies were performed in
food products or microbiogical media. Skinner and Larkin (1998) at-
tempted to review as many scientific publications as possible in an
attempt to accumulate as much data on time to toxin formation in any
matrix. Data were obtained from over 350 research or review papers
and more than 3000 data points were used to generate a curve. A plot
of this data can be seen in Fig. 11.1.

After plotting, a mathematical expression was derived to model
the lower boundary conditions of the data, thus representing a
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Fig. 11.1 Boundary conditions for C. botulinum toxin formation at various
storage temperatures.

conservative estimate for time to toxin formation at a given tempera-
ture. The mathematical expression is

Log LT = 0.65 − 0.0525(T ) + 2.74 (1/T ), (11.1)

where LT = lag time for C. botulinum toxin formation and

T = temperature (◦C). (11.2)

Attempts have been made to incorporate this type of a relationship
into time–temperature indicators (TTIs; see Ronnow in same text).

11.5 Botulinum toxin formation versus absolute
consumer rejection

Technologies such as MAP can successfully extend the storage shelf
life of fresh fish and fishery products and we know from numerous
research studies that C. botulinum spores can germinate, grow, and
produce toxin in fish and many seafood products, if the conditions
are right. All these factors lead us to a major question that contin-
ues to plague those who wish to extend the shelf life of foods using
MAP: “Which will occur first in a seafood product, spoilage, or toxin
production, and how big is the margin of safety between these two?”

Seafood processors would like to utilize technologies such as MAP
to extend the shelf life of their products and minimize losses and in-
crease profits. Fish products must be produced under HACCP, whose
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objective is to ensure the safety of foods. Quality and shelf life are not
the goal of a HACCP plan. HACCP says that if the product or process is
changed, (i.e., the packaging method of a seafood product such as fish,
or using modified atmosphere (MA) in the package, or incorporating a
different barrier film such as a high barrier film), then the HACCP plan
must be reevaluated to determine if the hazards have changed and to
make sure all hazards are still controlled. The 2001 version of the FDA
Fish and Fisheries Products Hazards and Control Guidance (FDA 2001)
notes that C. botulinum growth is a hazard in MAP fish products and
thus must be controlled. In addition, Chapter 13 of the same guide
is entitled “Clostridium botulinum toxin formation (A Biological haz-
ard).” This chapter discusses the potential for the hazard to occur, heat
inactivation of the toxin, and the various types of C. botulinum and
the details of control measures using pH, aw, salt, etc.

Chapter 13 in the hazards and control guide (FDA 2001) discusses re-
duced oxygen packaging (ROP), including vacuum packaging and MAP.
In ROP products where refrigeration is the sole barrier to nonprote-
olytic C. botulinum spore outgrowth (e.g., vacuum-packaged raw fish,
unpasteurized crayfish meat), the temperature must be maintained at
38◦F (3.3◦C) or below from product packaging to consumption (FDA
2001). The hazards and controls guide (FDA 2001) notes that proces-
sors may be able to ensure appropriate temperature control; however,
such control is not guaranteed throughout current distribution chan-
nels. Since it is assumed that temperature cannot be adequately con-
trolled throughout distribution, a processor may chose an alternative
method to ensure the safety of ROP products. One such option is to use
TTIs on each consumer package. Another option is to keep these prod-
ucts frozen with appropriate labeling. For some products, breaking the
vacuum seal before it leaves the processor’s control may control the
hazard of C. botulinum. The hazard and controls guide (FDA 2001)
states that “packaging that provides an oxygen transmission rate of
10 000 cc/m2/24 h can be regarded as an oxygen permeable packaging
material for fishery products.” Product packaged in a film with perme-
abilities as low as or lower than 100 cc/m2/24 h could be considered
oxygen impermeable for use in ROP. Permeability of 10 000 cc/m2/24 h
was selected based on the small amount of published literature data
(i.e., Dufresne et al. 2000) that exists and the incorporation of a safety
factor. This permeability is considered to be high enough to ensure that
fish products will have enough oxygen in the atmosphere to ensure
absolute consumer rejection due to spoilage prior to the earliest pos-
sible time that botulinal neurotoxin may be formed. Products packed
in film of this permeability are not likely to have the same shelf life
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that the same product packaged in high-barrier, oxygen-impermeable
film would have because the permeable film allows the penetration of
oxygen, which supports the growth of bacteria that produce typical
odors associated with spoilage. In selecting packaging with permeable
films, shelf life is sacrificed in favor of safety.

To discuss the risks from nonproteolytic types of C. botulinum in
packaged fish, the two extremes in packaging conditions should be
considered. In one extreme, a fish may be stored with no packaging
film (or newspaper) and thus have no barrier to the transfer of O2

to and away from the product. The other extreme would be repre-
sented by either vacuum packaging in high-barrier film or a mixture
of CO2 and N2 again using a high-barrier film, which does not allow
the transfer of gases. The fish packaged with no barrier would spoil
rapidly due to the growth of aerobic spoilage microorganisms. The
vacuum- or MA-packaged product would have much slower spoilage
due to inhibition of much of the aerobic spoilage microflora, but the
lack of oxygen could allow toxin formation in the product if the food
matrix supported it and the package is exposed to elevated tempera-
tures. At certain temperatures, toxin formation may be so rapid that it
may occur prior to the time that the fillet reached absolute consumer
rejection. This is the major concern that exists with MAP products.

The hope is that a particular packaging film permeability, between
the two extremes of no barrier and high barrier, exists that would allow
enough oxygen to enter the package so as to ensure that the product
is spoiled prior to toxin formation. To ensure that packaged fresh fish
is safe, a conservative permeability would be the safe recommenda-
tion. This conservative level of permeability should account for the
differences in fish species with respect to how fast absolute consumer
rejection may occur and how fast botulinum neurotoxin may form in
the different fish or fishery products. The specific spoilage microflora
on a fish can vary depending on where it is caught, the time of year,
the way it was handled, the temperature at which it was processed,
etc. These same fish may have different distribution and different num-
ber of C. botulinum spores present as well. The FDA chosen value of
10 000 cc/m2/24 h as a film permeability acceptable for the packaging
of fish (FDA 2001) is considered to be high enough to ensure that a
fish product will have enough oxygen in the atmosphere to ensure
absolute consumer rejection prior to the earliest possible time that
botulinal neurotoxin may be formed.

The hazards tables given in the Fish and Fisheries Products Haz-
ards and Controls Guide (FDA 2001) state that the hazard of C. bo-
tulinum growth and neurotoxin formation must be addressed for raw
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fish including oysters, clams, and mussels packaged under vacuum,
MAP, CAP, hermetically sealed, or packed in oil and stored other than
frozen. Chapter 13 of this guide gives guidance that for products pack-
aged in ROP, the film used must have a transmission rate of 10 000 cc/
m2/24 h or greater. This oxygen-permeable packaging should pro-
vide sufficient exchange of oxygen to allow aerobic spoilage of the
product and result in absolute consumer rejection prior to toxin for-
mation. All information given in the hazard guide is guidance and as
with all other hazards mentioned in the guide, the processor must
provide additional data to support using other critical limits. During
inspections, investigators will go to a processing facility and evaluate
HACCP plans for various fish and fishery products, using the guide as
a tool. If a HACCP plan for MAP fish uses a film that has a transmission
of less than 10 000 cc/m2/24 h, it can be assured that an investigator
will note this during their inspection. The processor must then supply
data to support the use of this film and show that the product held
within the package will spoil before toxin formation can occur. This
data must be sufficient to convince the reviewing regulatory persons
that the hazard is being controlled.

11.6 Published studies on MAP

Numerous research studies have been performed attempting to evalu-
ate the risks associated with MAP and air-packed fresh fish. We do not
know the effect of the many transmission rates on the wide spectrum
of fish and fishery products and how these may affect toxin forma-
tion from naturally present spores of C. botulinum. There are some
research studies that have revealed results that have caused alarm with
respect to toxin formation by C. botulinum in MAP fresh fish and fish-
ery products. Researchers have reported that it is possible for toxin
production to occur from nonproteolytic types of C. botulinum, with-
out overt sensory evidence of spoilage (Eklund 1982; Bannar 1978;
Eyles & Warth, 1981; Garcia et al. 1987; Genigeorgis 1985; Reddy
et al., 1992). Reddy et al. (1992) noted that, with few exceptions, at
temperatures above 20◦C (68◦F), organoleptic spoilage coincided with
toxin production in many fresh fishery products, regardless of the MA
used.

MAP coupled with storage at refrigeration temperatures (4◦C) ex-
tended the shelf life of fresh fillets from aquacultured tilapia, catfish,
and salmon and marine cod (see Tables 11.2–11.5 for shelf life of indi-
vidual fish fillets at various storage temperatures).



Table 11.2 Sensory spoilage and onset of toxin in fresh tilapia fillets inoculated
with C. botulinum type E (100 spores/g fish), packaged in high-barrier filma

under selected atmospheres, and held at various storage temperatures.

Time to
Sensory detected

Storage Package spoilage onset of
temperature (◦C) atmosphere (days) toxin (days)

16 100% Air 3 4
MAb 4 4
Vacuum 3 3

8 100% Air 6 20
MAb 17 40
Vacuum 10 17

4 100% Air 10 >47c

MAb 80 >90c

Vacuum 47 >90c

Source: Modified from Reddy et al. (1996).
a O2 transmission rate of 3–6 cc/m2/24 h at 4.4◦C, 1 atmosphere pressure, and 0% relative
humidity.
b MA = 75% CO2: 25% N2.
c Last sampling was taken for toxin detection. No toxin was detected.

Table 11.3 Sensory spoilage and onset of toxin in fresh catfish fillets inoculated
with C. botulinum type E (100 spores/g fish), packaged in high-barrier filma

under selected atmospheres, and held at various storage temperatures.

Time to
Sensory detected

Storage Package spoilage onset of
temperature (◦C) atmosphere (days) toxin (days)

16 100% Air 3 3
MAb 4 4
Vacuum 3 3

8 100% Air 6 9
MAb 13 18
Vacuum 6c 6c

4 100% Air 13 >54d

MAb 38–40 >75d

Vacuum 20–24 46

Source: Modified from Reddy et al. (1997a).
a O2 transmission rate of 3–6 cc/m2/24 h at 4.4◦C, 1 atmosphere pressure, and 0% relative
humidity.
b MA = 75% CO2: 25% N2.
c First day of sampling.
d Last sampling was taken for toxin detection. No toxin was detected.
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Table 11.4 Sensory spoilage and onset of toxin in fresh salmon fillets inoculated
with C. botulinum type E (100 spores/g fish), packaged in high-barrier filma under
selected atmospheres, and held at various storage temperatures.

Time to
Sensory detected

Storage Package spoilage onset of
temperature (◦C) atmosphere (days) toxin (days)

16 100% Air 4 4
MAb 5–6 4
Vacuum 3 3

8 100% Air 13–17 17
MAb 20–24 24
Vacuumc >6, <10 10

4 100% Air 24–27 >52d

MAb 55–62 >80d

Vacuum 34–38 >66d

Source: Modified from Reddy et al. (1997b).
a O2 transmission rate of 3–6 cc/m2/24 h at 4.4◦C, 1 atmosphere pressure, and 0% relative
humidity.
b MA = 75% CO2: 25% N2.
c No sample was taken between days 6 and 10.
d Last sampling was taken for toxin detection. No toxin was detected.

Table 11.5 Sensory spoilage and onset of toxin in fresh cod fillets inoculated
with C. botulinum type E (100 spores/g fish), packaged in high-barrier filma

under selected atmospheres, and held at various storage temperatures.

Time to
Sensory detected

Storage Package spoilage onset of
temperature (◦C) atmosphere (days) toxin (days)

16 100% Air 3–4 >7b

MAc 6 7
Vacuum 3–4 7

8 100% Air 13–17 >41b

MAc 24–27 >60b

Vacuum 13 17

4 100% Air 20–24 >60b

MAc 55–60 >80b

Vacuum 24–27 >55b

Source: Modified from Reddy et al. (1999).
a O2 transmission rate of 3–6 cc/m2/24 h at 4.4◦C, 1 atmosphere pressure, and 0% relative
humidity.
b Last sampling was taken for toxin detection. No toxin was detected.
c MA = 75% CO2: 25% N2.
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At 16◦C, the onset of toxin coincided with sensory spoilage (based
on strong off-odor) in the MAP tilapia and catfish fillets and occurred
1 day after sensory spoilage in MAP marine cod fillets. Onset of toxin
occurred 1–2 days prior to sensory spoilage in MAP salmon fillets. As
the storage temperature decreased from 16◦C to 4◦C, the time interval
between the detection of product spoilage versus the onset of toxin
development increased in MAP aquacultured or marine fish fillets with
the largest time interval being at 4◦C. At 8◦C, sensory spoilage preceded
the onset of toxin in MAP tilapia, catfish, and marine cod fillets and
coincided or slightly preceded onset of toxin for the salmon fillets
packaged under MA. At 4◦C storage, sensory spoilage preceded onset
of toxin in MAP tilapia, catfish, salmon, and marine cod fillets. On the
last day of sampling at 4◦C, MAP tilapia, catfish, salmon, and marine
cod fillets still contained viable C. botulinum type E spores, yet no
toxin was detected in these fillets. Packaging film type and conditions,
modified atmospheres used, storage conditions, inoculum type and
levels, and experimental design were the same in these studies.

Stier et al. (1981) inoculated salmon fillets cut into 2 in. by 2 in.
squares with types A, B, and E C. botulinum spores (30–80 spores/g
fish) and packaged them skin down in a high-barrier film with an at-
mosphere of either air or 60% CO2: 25% O2: 15% N2. Samples were
incubated at 22.2◦C (72◦F) and 4◦C (39.2◦F). They found that at 22.2◦C
(72◦F), C. botulinum toxin formation coincided with spoilage at 2 days
in MA, while in air, spoilage occurred at day 1 though the toxin was not
detected until day 2. Time to toxin detection at this elevated temper-
ature (22.2◦C) was not affected by package atmosphere. In addition,
they also showed that stacking salmon fillets with inoculum between
them did not create an environment that shortened the time for C. bo-
tulinum toxin production (Table 11.6). Concern has also been raised
regarding whether the microenvironment between two stacked fillets
or underneath a fillet that is placed on some surface inside a MAP may
represent a different risk than the surfaces exposed to the MA in the
package. There are questions that these areas may represent microen-
vironments that are more anaerobic than the other product surfaces
in MAP packaged and in air packaged product. These microenviron-
ments may not be exposed to the air or MA present in the package. Stier
et al. (1981) concluded from his experiments that at the two temper-
atures tested, stacking the salmon fillets with inoculum between did
not create conditions more conducive to botulinum toxin production.

Post et al. (1985) inoculated 100 g portions of cod, whiting, and
flounder fillets with type E C. botulinum spores at 50 spores/g fish;
packaged them in barrier film under atmospheres of air (fish wrapped
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Table 11.6 Sensory spoilage and onset of toxin in fresh salmon fillets inoculated
with C. botulinum type A, B, and E (30–80 spores/g fish), packaged in high-barrier
filma under selected atmospheres, and held at various storage temperatures.

Time to
Sensory detected

Storage Package spoilage onset of
temperature (◦C) atmosphere (days) toxin (days)

22.2 100% Air 1b 2
MAc 2b 2

4.4 100% Air 6b >57d

MAc 12b >57d

Source: Modified from Stier et al. (1981).
a O2 transmission rate of 4.8 cc/100 in.2/24 h at 22.2◦C.
b Toxin type not given.
c MA = 60% CO2; 25% O2; 15% N2.
d Last sampling was taken for toxin detection.

in permeable film, no barrier), vacuum, N2 (100% N2), CO2 (100%
CO2), 90% CO2 (90% CO2: 8% N2: 1% O2), and 65% CO2 (65% CO2:
31% N2: 4% O2); and then incubated at 26◦C (78.8◦F), 12◦C (53.6◦F),
8◦C (46.4◦F), and 4◦C (39.2◦F). They found that in inoculated cod
stored at 26◦C (78.8◦F) (Table 11.7), toxin formation by C. botulinum
either coincided or preceded absolute consumer rejection under all
atmospheres except 90% CO2, where toxin was detected 1 day after
absolute rejection.

At 12◦C (53.6◦F), toxin formation preceded absolute consumer re-
jection in cod stored under all conditions except air (vacuum, N2, and
CO2). In cod fillets stored at 8◦C (46.4◦F), toxin formation occurred
prior to absolute consumer rejection in cod packaged under vacuum,
CO2, 90% CO2, and 65% CO2 and coincided with spoilage in N2. Only
fish packaged in air reached absolute rejection prior to toxin detec-
tion. In samples stored under CO2 at 4◦C (39.2◦F), toxin production
again preceded absolute consumer rejection in the only atmosphere
tested (CO2).

Similar results were found with whiting fillets (Table 11.8). In whit-
ing stored at 26◦C (78.8◦F), toxin formation by C. botulinum spores
either coincided or preceded absolute consumer rejection under all
atmospheres tested. At 12◦C (53.6◦F), toxin formation preceded ab-
solute consumer rejection in whiting stored under all atmospheres
tested (vacuum, N2, and CO2) except air, where absolute rejection oc-
curred prior to toxin detection. In whiting fillets stored at 8◦C (46.4◦F),
toxin formation occurred prior to absolute consumer rejection in
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Table 11.7 Sensory spoilage and onset of toxin in fresh cod fillets inoculated
with C. botulinum type E (50 spores/g fish), packaged in high-barrier filma under
selected atmospheres, and held at various storage temperatures.

Time to
Sensory detected

Storage Package spoilage onset of
temperature (◦C) atmosphere (days) toxin (days)

26 Air 2 2
Vacuum 6 2
N2

b 4 2
CO2

c 5, 3d 2, 2d

90% CO2
e 2 3

65% CO2
f 3 1

12 Air 6 >9g

Vacuum 17 14
N2

b 17 6
CO2

c 15 11

8 Air 6 >10g

Vacuum 28 20
N2

b 17 17
CO2

c 27 19
90% CO2

e 29 8
65% CO2

f 16 9

4 CO2 >60g, 58d 18, 21d

Source: Compiled from Post et al. (1985).
a O2 transmission rate of 2.6 ± 0.1 ml/100 in.2/24 h. Air packaged samples were wrapped
in permeable film, no barrier.
b N2 = 100% N2.
c CO2 = 100% CO2.
d Study performed in duplicate.
e 90% CO2 = 90% CO2 + 8% N2 + 2% O2.
f 65% CO2 = 65% CO2 + 31% N2 + 4% O2.
g Termination of study preceded toxin detection or sensory rejection.

whiting packaged under CO2, 90% CO2, and 65% CO2 and coincided
with spoilage in vacuum and N2. In samples stored under CO2 at 4◦C
(39.2◦F), toxin production again preceded absolute consumer rejec-
tion. Results for studies performed with flounder fillets are given in
Table 11.9.

One important concept used in this study was the incorporation
of two sensory scales: absolute rejection and normal rejection. All
sensory results presented here were for absolute rejection. It should
be noted that for cod and flounder samples inoculated and held at 26◦C
(78.8◦F), toxin was often detected in samples packaged in air on the
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Table 11.8 Sensory spoilage and onset of toxin in fresh whiting fillets inoculated
with C. botulinum type E (50 spores/g fish), packaged in high-barrier filma under
selected atmospheres, and held at various storage temperatures.

Time to
Sensory detected

Storage Package spoilage onset of
temperature (◦C) atmosphere (days) toxin (days)

26 Air 4 3
Vacuum 2 2
N2

b 2 2
CO2

c 3, 3d 2, 2d

90% CO2
e 4 1

65% CO2
f 3 2

12 Air 5 >8g

Vacuum 19 12
N2

b 14 12
CO2

c >19g 12

8 Air 6 >12g

Vacuum 17 17
N2

b 17 17
CO2

c 26 20
90% CO2

e 22 8
65% CO2

f 14 5

4 CO2 43 27

Source: Compiled from Post et al. (1985).
a O2 transmission rate of 2.6 ± 0.1 ml/100 in.2/24 h. Air packaged samples were wrapped
in permeable film, no barrier.
b N2 = 100% N2.
c CO2 = 100% CO2.
d Study performed in duplicate.
e 90% CO2 = 90% CO2; 8% N2; 2% O2.
f 65% CO2 = 65% CO2; 31% N2; 4% O2.
g Termination of study preceded toxin detection or sensory rejection.

same sampling day or before it was detected in samples packaged in
the various other MA-treatment atmospheres.

Post et al. (1985) concluded that vacuum packaging and MAP alone
are not capable of providing the safety from the outgrowth and toxin
production from C. botulinum type E, which would be required for
extended storage of fresh fish fillets. Further, they recommend some
intervention to ensure that toxin production is delayed even under
mild temperature abuse conditions. The data presented in this chap-
ter regarding time to C. botulinum toxin production prior to con-
sumer rejection are just a few of the research studies that have been
published.
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Table 11.9 Sensory spoilage and onset of toxin in fresh flounder fillets inocu-
lated with C. botulinum type E (50 spores/g fish), packaged in high-barrier filma

under selected atmospheres, and held at various storage temperatures.

Time to
Sensory detected

Storage Package spoilage onset of
temperature (◦C) atmosphere (days) toxin (days)

26 Air 4 2
Vacuum 2 2
N2

b 4 2
CO2

c 3 2
12 Air 9 11

Vacuum 13 15
N2

b 7 14
CO2

c 8 10
8 Air 7 >12d

Vacuum 14 >21d

N2
b 15 >21d

CO2
c 15 23

Source: Compiled from Post et al. (1985).
a O2 transmission rate of 2.6 ± 0.1 ml/100 in.2/24 h. Air packaged samples were wrapped
in permeable film, no barrier.
b N2 = 100% N2.
c CO2 = 100% CO2.
d Termination of study preceded toxin detection or sensory rejection.

Not all published studies show toxin production prior to consumer
rejection, yet they do show potential that warrants control of the C. bo-
tulinum toxin production. Such studies include Dufresne et al. (2000)
in rainbow trout, Dufresne et al. (1999) on vacuum-packaged hot
and cold smoked rainbow trout, Garcia et al. (1987) in salmon fillets,
Garcia and Genigeorgis (1987) in salmon tissue homogenate, Lindroth
and Genigeorgis (1986) in red snapper tissue homogenate, Llobrera
(1983) in flounder fillets, and Eklund (1982) in salmon fillets.

Unfortunately, the amount of research performed to date is not
enough for scientists to fully understand the risks and to set specific
critical limits that do not involve safety factors. Additional research is
needed to better understand the risks associated with various fresh fish
and fishery products packaged using films of various permeabilities.
The expectation is that processors may one day use MAP technology
to fully extend the shelf life of fishery products and still maintain safety
of their products. This is emphasized by Reddy et al. (1992) who states
that until this toxin versus spoilage issue is addressed and resolved by
the industry, MAP may not have a place in the retail market.
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11.7 Test variables in MAP studies

Since it is not currently possible to determine the potential for toxin
formation prior to spoilage for MAP fresh fish and fishery products,
each application must be studied. Research performed to assess the
risk involved in packaging a particular fish or fishery product in a partic-
ular atmosphere will involve inoculation studies using C. botulinum.
These studies involve obtaining the particular seafood product such as
a species of fish, inoculating the product with C. botulinum spores,
and storing them in packages using films of one or more permeabil-
ities along with using different gas combinations inside the package.
Individual packages will be stored for a period of time and sampled at
various frequencies to quantify the influence of various predetermined
factors on the presence of toxin, consumer acceptability, and microbial
counts. Unless a means of adequately comparing the botulinal hazard
in different product is determined, each fish species or fishery prod-
uct will have to be evaluated individually. NACMCF (1992) and Doyle
(1991) provide recommendations that should be strongly considered
when performing an inoculation study with C. botulinum with fresh
fish and fishery products.

There are many variables that can be involved with such a study.
Care should be taken when choosing the variables so that the results
obtained will be meaningful and transparent. Such studies are very
expensive and time consuming. Studies that do not represent actual
conditions of packaging and storage may result in data that is not useful
in evaluating the hazards associated with C. botulinum toxin formation
in MAP fresh fish and fishery products.

The specific seafood product used in an inoculation study should be
the same one the processor intends to market. An alternative would be,
if possible, to study the fish species or fishery product that represents
the greatest risk. For instance, using salmon to study the effects of
film permeability on the safety of MAP fish may be appropriate since it
has been suggested that fish containing higher fat content may pose a
greater risk (Reddy et al. 1999). This has, however, not been verified.
Another variable to consider when selecting a product is whether the
product originates from freshwater or saltwater, or whether it grows
wild, or is farm raised.

Another important variable to be selected involves the specific in-
oculum to use. C. botulinum, particularly type E, has been identified
by many as the pathogen of concern in these MAP fresh fish and fishery
products (Baker et al. 1990; Connor et al. 1989; Statham & Bremner
1989). The choice of type may not always be so clear for an inoculation
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study. A good case could be made for the addition of nonproteolytic
C. botulinum types B and F in addition to type E. Vegetative cells or
spores of C. botulinum may be used; however, spores are normally
chosen as they are the form most likely to be found in the soil near
where the fish reside and are associated with the fish themselves. The
exact number of C. botulinum spores that may be present in a fillet
is unclear; therefore, a level must be chosen that represents a conser-
vatively high level from a safety point of view, but not a totally unrea-
sonable number to make the results unrealistic. The inoculum must be
applied to the product. The fleshy nature of fish filets makes the choice
easier in that surface inoculum may be chosen and the spores will per-
meate the skinless flesh. Another issue to consider before inoculating
a product is whether or not to inoculate both sides of a product. The
bottom side of a fillet may be exposed to more anaerobic conditions
than the ones on the top.

The degree of freshness of the product to be used is important in
the inoculation study. Fresher fish usually represents lower initial back-
ground counts, which means less competitive microflora to compete
against the C. botulinum spores. Lower counts should result in more
rapid toxin production combined with longer shelf life, thus repre-
senting a scenario that is favorable for erring on the side of safety.
Fish fillets possessing higher counts will spoil faster and may delay or
even inhibit toxin production. In the inoculation studies performed
by Reddy et al. (1995, 1996, 1997a, 1997b, 1999), the fillets were
packaged within 24–36 h of processing.

The design of the package may affect the data obtained. Reddy et al.
(1995, 1996, 1997a, 1997b, 1999) placed the fish fillets in a foam tray on
a soak pad. The entire tray was placed in a high-barrier bag, evacuated,
then flushed with the desired atmosphere, and sealed. In this way the
permeability of the film was the same all around the product. Another
method of sealing may be by sealing the film to the top of the tray.
Atmosphere and film permeability are also key issues. As mentioned
earlier, the film and gas combination used to extend the shelf life of a
particular product will be product and application specific.

Many storage temperatures have been used in the various published
studies involving fish or fishery products or ESL products. Few pub-
lished articles have attempted to give guidance to inoculation studies
performed with C. botulinum, film permeabilities, and storage tem-
peratures. Doyle (1991) and NACMCF (1992) recommended storage
temperatures for use in inoculation studies, but the temperatures used
vary from study to study. Some researchers used 4◦C to determine if
toxin will form under good conditions of storage. Other researchers
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such as Reddy et al. (1995, 1996, 1997a, 1997b, 1999) used 4, 8, and
16◦C.

Another question is how frequently to remove samples from storage
for testing. The frequency will depend greatly on the incubation tem-
perature. Microbial growth and chemical changes occur much more
rapidly as temperature increases. Lower storage temperatures will re-
sult in slower toxin formation if it is formed at all, whereas at abuse
storage temperatures such as 16◦C, toxin may form rapidly. One factor
that has always been troubling from a data interpretational perspec-
tive is when samples are taken on a particular sampling time, toxin
presence and consumer rejection are both detected at the same time
in the study. In such a case, it is unknown whether toxin formation
preceded absolute consumer rejection. This can occur regardless of
the sampling frequency, but is less likely with increased frequency.
One can see how this scenario would be more likely when sampling
once per week versus once each day. Shorter sampling intervals may
provide more meaningful data, but increase the cost of the study. Even
when toxin detection and absolute consumer rejection are found at
the same sampling point, toxin may have formed and be present at de-
tectable levels shortly after the previously negative sampling date and
prior to absolute consumer rejection or vice versa. Regardless of which
came first, the margin of safety would likely be deemed inadequate.

A preliminary study to pinpoint an approximate time frame for time
to toxin formation may improve the data obtained by helping focus
sampling periods to times when critical events such as toxin formation
and absolute consumer rejection may occur. Another way to determine
whether spoilage precedes toxin production is to test product for toxin
presence after routine, daily evaluations for sensory spoilage indicate
that the product has reached the point of absolute consumer rejection.
Testing product samples for toxin would need to continue after the
point of absolute spoilage to determine the margin of safety, i.e., the
interval between toxin formation and absolute consumer rejection for
the product.

Studies of this nature must have the means to perform accurate sen-
sory evaluation on the products. Every person has a different percep-
tion of sour, spoiled, rotten, etc. A sample may be deemed absolutely
unacceptable by one person and still edible by another. Study param-
eters such as temperature, time, and even the presence of toxin can
be measured. Spoilage is a quality factor that cannot be quantified or
absolutely standardized. Sensory perception is also affected by issues
such as geography and culture. Certain places in the world eat foods
such as fermented beaver tail that is buried in the ground in pots until
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the skin pulls easily away from the flesh, or whole uneviscerated fish
that is buried in clay pots and later consumed with no cooking. These
products may be deemed objectionable to other cultures. Economic
status may influence the decision to eat a particular food and how
much money will be wasted by throwing the food away. Someone
on a low income fixed budget may cook and consume a fish filet that
someone else with a high income may deem unacceptable. Elderly per-
sons with a decreased sense of smell or others with a compromised
palate may have different perceptions of absolute consumer objection.
Determining absolute consumer rejection as the point where no one
would consume a product is more difficult than it may initially seem. In
addition, samples being tested for sensory evaluation may have been
inoculated with spores of C. botulinum and may contain C. botulinum
toxin at levels that may be lethal to humans. Questions regarding safety
and even security may arise when determining who may evaluate such
samples for acceptability.

Analysis for botulinal toxin may be performed using the regulatory
accepted method, the mouse bioassay, or one of numerous rapid meth-
ods (including ELISA methods). A digoxigen-labeled ELISA has been
developed by Ferreira et al. (2003, 2004). Such methods have the
potential for screening samples once enough preliminary studies are
performed to show that there are no inhibitory compounds present to
affect antigen binding.

11.8 The future of MAP fresh fish and fishery products

Because research data on MAP fresh fish and fishery products has raised
safety concerns, additional studies on C. botulinum toxin production
during MAP storage are needed. It is anticipated that future research
will help shed light on many unanswered questions and help determine
ways to optimize the shelf-life extension of products, while still main-
taining safety. Not enough data exists on the interaction of product,
film permeability, and gas atmosphere in the package or how these pa-
rameters affect growth and toxin formation by spores of C. botulinum.
It is anticipated that for certain fish and fishery product applications,
a packaging film permeability of less than 10 000 cc/m2/24 h will still
result in safe foods while improving product shelf life. It may be nec-
essary to perform inoculation studies to verify that such products are
safe. It would be useful and advantageous for processors to approach
the FDA for help in designing such studies so that the data collected
will be sufficient to evaluate the risks and demonstrate safety.
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BOTULISM FROM FISHERY

PRODUCTS: HISTORY AND

CONTROL

John W. Austin and James P. Smith

12.1 Introduction

Growth of Clostridium botulinum in foods results in the production
of botulinum neurotoxin. Botulinum neurotoxin is the most toxic sub-
stance known, with a lethal dose of approximately 0.1 ng/kg of body
weight. Spores of C. botulinum are commonly found in fishery prod-
ucts, and must be assumed to be present. This chapter will discuss
C. botulinum, botulism, the incidence and levels of botulinum spores
in fishery products, the history of botulism incidents caused by fishery
products, and the methods of controlling the growth of C. botulinum
in these products.

12.2 Clostridium botulinum

The species C. botulinum comprises gram-positive, anaerobic, rod-
shaped, spore-forming bacteria. They are distinguished from other
bacteria by production of botulinum neurotoxin (Prevot 1953). Strains
of C. botulinum can be classified into seven serotypes, A through G,
based on the serological specificity of the neurotoxin produced by
the strain. While bacteria producing the botulinum neurotoxin have
been placed into the species C. botulinum, the species actually com-
prises four distinct groups based on phenotypic and genotypic prop-
erties. C. botulinum group I strains produce endospores of high heat
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resistance, grow at pH levels above 4.6 and salt levels below 10%, and
produce types A, B, and F neurotoxins; group II strains have less heat
resistant endospores, grow at pH levels above 5.0 and salt levels below
5%, and produce types B, E, and F neurotoxins; group III strains pro-
duce types C and D neurotoxins; and group IV strains produce type G
neurotoxin. Human botulism is associated with neurotoxin types A, B,
E, and F, with type E being the type most often associated with illness
from fishery products. Types C and D cause botulism in animals. To
date, there is no direct evidence linking type G to disease. Taxonomy
of C. botulinum is dealt with in more detail in other review articles
(Austin 2001; Austin & Dodds 2000; Lund & Peck 2000). This chapter
will deal primarily with C. botulinum type E since this is the serotype
of concern in fishery products.

12.3 Botulism

Botulism is a neuroparalytic disease resulting from neurotoxin-
mediated inhibition of acetylcholine release from peripheral nerve
synapses, including neuromuscular junctions. The disease is charac-
terized by a descending symmetrical flaccid paralysis beginning with
the cranial nerves. Asphyxiation caused by paralysis of the diaphragm
may eventually occur in untreated cases.

Human botulism is classified into four categories. Foodborne bo-
tulism, the most common form worldwide, is caused by ingestion of
food containing botulinum neurotoxin. Infant botulism, first recog-
nized in 1976 and now the most common form of botulism in the
United States, is caused by ingestion of viable spores, which colonize
the intestinal tract of infants less than 1 year of age and produce toxin
within the intestine. Wound botulism is caused by infection of a wound
with spores of C. botulinum, which grow and produce toxin in the
wound. The fourth category, adult infectious botulism, includes adult
cases with intestinal colonization and toxemia.

12.4 Incidence of Clostridium botulinum type E
in fishery products

Foods most commonly surveyed for the incidence of C. botulinum
include primarily fish, meats, and honey, with the contamination of
fish being much greater than that of meats (Dodds 1993). Both sur-
vey results and foodborne botulism data indicate that contamination
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Table 12.1 Reported incidence of C. botulinum in commercial fishery
products.

% Positive
Origin Product samples Reference

North America
Great Lakes Whitefish chubs

(eviscerated)
13 Pace et al. 1967

Whitefish chubs
(brined, washed)

14 Pace et al. 1967

Whitefish chubs
(smoked)

1 Pace et al. 1967

Atlantic Flounder (frozen,
vacuum pack)

10 Insalata et al. 1967

Canada Frozen, vacuum pack 0.8 Thatcher et al. 1967
Sardines 40 Baker et al. 1990

New York City Cod, whiting and
flounder (fillets)

<1 Post et al. 1985

Pacific NW Smoked fish 5 Hayes et al. 1970
California Rockfish (dressed) 100 Lindroth & Genigeorgis

1986
King salmon 100 Baker et al. 1990
Catfish (farm raised) 75 Baker et al. 1990

Pacific coast Ocean perch 28.6 Baker et al. 1990
Europe

England Vacuum-packed fish 0 Hobbs et al. 1965
Norwegian Sea Vacuum-packed fish 44 Cann et al. 1966
Viking Bank Vacuum-packed fish 42 Cann et al. 1966
Denmark Smoked salmon 2 Nielsen & Pedersen

1967
Finland Vacuum-packed

hot-smoked
whitefish

10 Hyytia et al. 1998

Asia
Baltic Sea Smoked eel 20 Abrahamsson 1967
Caspian Sea Salted carp 63 Rouhbakhsh-

Khaleghdoust
1975

Japan, Osaka Marine fish 7.7 HaqI & Sakaguchi 1980

of fishery products is common, with surveys showing levels often
exceeding 102 spores per kg (Austin & Dodds 2000). Reported con-
tamination levels of some fishery products are listed in Table 12.1.

One of the first studies of the incidence of C. botulinum type E
surveyed the intestinal contents of more than 3000 fish from Lakes Erie,
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Superior, Huron, and Michigan (Bott et al. 1966). Incidence figures,
expressed as percent of the fish tested, were as follows: Lake Erie, 1%;
Lake Superior, 1%; Lake Huron, 4%; the main body of Lake Michigan,
9%; and Green Bay (on Lake Michigan), 57%.

Fish may become contaminated with spores of C. botulinum in
their environment or during processing and handling. The presence of
C. botulinum, mostly type E, in fish is readily demonstrated, although
the incidence is lower than in environmental surveys.

12.5 Botulism incidents caused by fishery products

Growth and neurotoxin production of C. botulinum in ready-to-eat
fishery products results in a much higher risk of human botulism than
toxin production in raw fish fillets (Table 12.2). Indeed, while there are
many reports of botulism cases from the consumption of ready-to-eat
products (Eklund 1993), there is only a single report of botulism from
raw fish that was grilled prior to consumption (Anonymous 1991). This
incident is unusual because the fish still contained intestines, and the
symptoms were most severe in the two patients who ate the intestines.

12.5.1 Thermally processed, canned fishery products

Thermally processed fishery products prepared both commercially and
in the home have caused botulism (Armstrong et al. 1969; Ball et al.
1979). Four cases of botulism in Birmingham, UK, with two fatalities,
were caused by consumption of canned Alaskan salmon (Gilbert &
Willis 1980). This outbreak was attributed to postprocess contamina-
tion of the canned salmon through a defective can (Ball et al. 1979).
Commercially prepared canned fishery products caused 23 cases of bo-
tulism in Poland in 1990, while home-canned products caused 3 cases
and home-prepared pickled fish products caused 11 cases (Galazka &
Przybylska 1999).

12.5.2 Fermented fishery products

Several outbreaks of botulism have been recorded from the consump-
tion of fermented fishery products. Consumption of traditionally pre-
pared seal, whale or walrus meat, fish heads, and fish eggs in northern
Canada and Alaska is a common cause of botulism (Austin et al. 1997,
1999; Proulx et al. 1997; Wainwright et al. 1988). Botulism outbreaks
have also occurred in Japan after the consumption of fermented izushi
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(Sakaguchi 1997). Foodborne botulism in Norway is typically associ-
ated with the consumption of “rakfisk,” a traditional fermented fish
dish eaten mainly at Christmas. Cases usually occur as small family
outbreaks of one to eight cases, during the winter months of Novem-
ber to February. Six to eight percent salt is normally added to gutted
fish, which is put into a pot under pressure. After storage at 5–8◦C for
2–3 months, the fish is eaten without cooking (Kuusi et al. 1999).

One of the reasons for outbreaks associated with these types of
products includes uneven salt distribution, resulting in pockets of wa-
ter activity conducive to the growth of C. botulinum type E. Another
reason may be the low amount of carbohydrates in fishery products,
which prevent a significant reduction of pH when these products are
fermented. The maintenance of a neutral pH allows spores of C. bo-
tulinum to germinate and grow, producing botulinum neurotoxin.

12.5.3 Salt-cured and air-dried fishery products

Uneviscerated fish that has been salt cured and air dried has a history of
botulism outbreaks. A massive outbreak of type E botulism, associated
with traditional uneviscerated, salted fish, occurred in Cairo in April
1991 (Weber et al. 1993). This was the largest reported outbreak of
type E botulism, with 91 hospitalized patients. Official reports showed
that 18 of 91 (20%) reported patients died, although the toll was likely
higher as coffins and mourning clothes were sold out in the area of
outbreak. The outbreak was associated with eating faseikh, an unevis-
cerated, salted mullet fish. Very high levels of type E botulinum toxin
were detected in the faseikh produced at a particular store in Cairo.

Kapchunka is prepared by salting layers of uneviscerated whitefish
and curing for a minimum of 25 days. Three outbreaks of botulism
from kapchunka occurred throughout the 1980s. The 1987 outbreak,
caused by kapchunka commercially produced in New York City, in-
volved eight cases: six in Israel and two in New York City. It is likely
that spores of C. botulinum within the viscera germinated and grew
in the relatively low salt “protective” environment of the viscera. As
a result of these outbreaks, regulations were passed prohibiting the
processing, distribution, and sale of raw, uneviscerated, salt-cured fish
products within New York City (Telzak et al. 1990).

Eviscerated, salted, and air-dried sea bream has also been responsible
for botulism. The fish is gutted, salted in brine, pressed and dried in
the open air for a few days, and then eaten without further preparation
(Eriksen et al. 2004).
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12.5.4 Smoked fish products

Smoking has been used from time immemorial to extend the shelf
life of fresh fish. Examples of smoked fish products available on to-
day’s marketplace include haddock, eel, herring, mackerel, trout, and
salmon. The unit operations involved in the production of smoked fish
include evisceration, filleting, salting, drying, smoking to a tempera-
ture of 32◦C (cold smoking) or 64◦C (hot smoking), cooling, packaging
under reduced oxygen packaging (ROP) conditions, and storage and
distribution at 3◦C or less at all times (Ward 2001). Methods most
commonly used to reduce the oxygen level in packaged smoked fish
products include vacuum packaging or modified atmospheric packag-
ing (MAP) with a mixture of gases, usually CO2 and N2 (Ward 2001).

A major safety concern of ROP smoked fish products is the growth
of C. botulinum type E strains. This concern is warranted for the
following reasons: (i) C. botulinum type E spores are ubiquitous in
the aquatic environment and have been found in smoked fish prod-
ucts (Dodds 1993; Eklund 1993); (ii) C. botulinum type E spores can
grow and produce toxin at temperatures as low as 3.0◦C (Graham et al.
1997); (iii) the ROP conditions or microenvironments within the pack-
aged product can generate redox potentials conducive to the growth
of this anaerobic pathogen (Ward 2001); (iv) there is the potential
for temperature abuse at all stages of the processing and distribution
chain (Audits International 1999); (v) the growth of aerobic spoilage
microorganisms, the common indicators of microbiological spoilage
in cold-smoked fish, is inhibited under ROP conditions (Ward 2001);
(vi) cold-smoked fish products have been shown to be an excellent
substrate for the growth of, and toxin production by, C. botulinum
type E spores (Dufresne et al. 2000b; Eklund 1993); (vii) cold-smoked
fish is potentially hazardous since both the pH and water activity (aw)
can support the growth of C. botulinum type E spores; (viii) cold-
smoked fish are ready-to-eat products and do not receive any further
heat treatment prior to consumption.

These concerns would appear justified since there have been sev-
eral reported botulism outbreaks associated with smoked fish prod-
ucts. Commercially prepared whitefish was responsible for 22 cases,
including 7 fatalities of botulism in the United States in 1963 (Centers
for Disease Control and Prevention 1998). Commercial smoked white-
fish continues to be a risk for botulism as witnessed by two recent
cases of type E botulism in Germany caused by Canadian whitefish
processed in Finland (Korkeala et al. 1998). In Russia, where 80%
of reported food poisoning cases are due to botulism, the majority
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(34%) of botulism cases are the result of eating salted and smoked fish
(Sheveleva et al. 2003). Several outbreaks of botulism have been re-
ported in Russia including large outbreaks in Buryatia in 2003 and 2004,
and an outbreak in Rostov in 2005. A number of botulism outbreaks, in-
volving C. botulinum type E, have also been reported in commercially
produced ROP, smoked fish products (ACMSF 1992). Several factors
may have contributed to these outbreaks: the water phase salt (NaCl)
concentration of the fish was likely less than 1%; the smoked prod-
ucts were vacuum packaged; the products were temperature abused
during distribution.

12.6 Control of Clostridium botulinum
in fishery products

The only effective means of preventing foodborne botulism is by pre-
venting toxin production in foods. Temperature, water activity (aw),
pH, redox potential (Eh), added preservatives, and the presence of
other microorganisms are the main factors controlling the growth of
C. botulinum in foods. These factors are usually combined to present
several hurdles to the growth of C. botulinum.

In most cases, with the exception of canned fish products, the
preservation of minimally processed high-moisture products is di-
rected toward the prevention of growth of C. botulinum type E rather
than its complete destruction. Several strategies can be used to achieve
this objective in ROP fish products. Vacuum-packaged smoked fish are
preserved by a combination of added salt, smoking, and refrigeration.
More recently, packaging in films of higher oxygen permeability to
enhance spoilage prior to toxigenesis has also been proposed as an
additional safety barrier, particularly for smoked fish products (FDA
2001). Packaged raw fish and shellfish are preserved by refrigeration
alone. A few perishable products, such as caviar and pickled fish, are
preserved by decreased aw and pH, and refrigeration. Control of C. bo-
tulinum generally also ensures control of other foodborne pathogens
and of many spoilage microorganisms. We will now briefly review each
of these methods of control.

12.6.1 Thermal processing

Thermal processing is used to inactivate spores of C. botulinum and
is the most common method of producing shelf-stable foods. Low-
acid, shelf-stable canned foods are preserved by a “botulinum cook.”
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C. botulinum spores of group I, which have a D100◦Cof 25 min, are
very heat resistant and are the target organisms for most thermal pro-
cesses. The D value is defined as the time at a specific temperature to
cause a 1-log destruction (i.e., 90% kill) of the target organism. In the
canning process, processors aim for commercial sterilization, i.e., heat
treatments in excess of 121◦C for 3 min to achieve a 12D reduction
in spores of C. botulinum. While such a process ensures complete
destruction of proteolytic strains of C. botulinum, botulism can still
occur in canned products as a result of postprocessing contamination.
During the cooling process, C. botulinum can enter the product as
result of can defects, such as faulty side seams, inadequate overlap
of the can lid with the can wall or poor distribution of the can lid
sealant.

Strains of group II are considerably less heat resistant (D100◦C < 0.1
min) than those of group I. However, D values ranging from 0.15 to
greater than 4.90 min have been reported for type E strains, depending
on the heating menstruum, strain, recovery medium, and the presence
of lysozyme. For example, D82◦C values of C. botulinum type E in neu-
tral phosphate buffer are generally in the range of 0.2–1.0 min. While
these spores will be readily destroyed during commercial sterilization
of low-acid fish products, they are of concern in minimally processed
products, such as sous-vide fish products where they are subjected
to pasteurization temperatures. C. botulinum type II strains will also
readily survive both cold and hot smoking. Survival of spores of C.
botulinum group II in pasteurized, cold- and hot-smoked, refrigerated
products is of concern because of their ability to grow at refrigeration
temperatures (Peck 1997). Various regulations and guidelines for the
safe production, distribution, and sale of refrigerated foods of extended
durability (REPFEDS) have been published (Lund & Notermans 1993;
Peck 1997).

12.6.2 Low temperature

Refrigerated storage is used to prevent the growth of C. botulinum.
The established lower limits for the growth of C. botulinum are 10◦C
for group I and 3.0◦C for group II (Graham et al. 1997; Hatheway 1993).
The optimum growth temperatures are between 35 and 40◦C for group
I organisms and between 25 and 30◦C for group II organisms. These
limits, however, depend on otherwise optimal growth conditions. Ir-
respective of the actual minimum growth temperature, production of
neurotoxin generally requires several weeks at the lower temperature
limits for both group I and group II organisms. Temperature (<3◦C)
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could be used as the sole barrier to inhibit the growth of both non-
proteolytic and proteolytic strains of C. botulinum should they be
present in ROP, minimally processed fish. However, mild to moderate
temperature abuse is not uncommon and can occur during processing
and distribution of products as well as in home refrigerators. A re-
cent study (Audits International 1999) showed that the temperatures
of retail backroom refrigerators ranged from 7◦C (11%), 10◦C (3%), and
15◦C (0.2%). A similar trend was reported for home refrigerators where
18% were at 7◦C, while 1.3% ranged from 11 to 15◦C. The temperatures
of delicatessen display cabinets have been observed above 10◦C and
12.8◦C in several instances and the temperature of supermarket cases
have also occasionally been found to be above 10◦C. The time between
product removal from the store until it reached home was estimated
to be ∼1 h, during which time the temperature of a product could
also increase significantly (Audits International 1999). Moreover, some
commercial equipment is incapable of maintaining foods below 7.2◦C
because of refrigeration capacity, insufficient refrigerating medium,
or poor maintenance. It is obvious that temperature alone cannot be
regarded as a reliable barrier to control the growth of C. botulinum
strains in ROP, minimally processed smoked fish products. Therefore,
additional barriers, such as salt, need to be used in conjunction with
low temperature storage of these products.

12.6.3 Salt and aw

Salt (NaCl) is also an important factor in controlling C. botulinum in
foods. It acts primarily by decreasing the aw. Consequently, its concen-
tration in the aqueous phase, called the water phase salt (% WPS = %
NaCl × 100 / % moisture + % NaCl), is critical. The growth-limiting
brine concentrations are about 10% for group I and 5% for group II, un-
der otherwise optimal conditions. These concentrations correspond
well to the limiting aw of 0.94 for group I and 0.97 for group II in foods
where NaCl is the main aw depressant. The limiting aw may be raised
significantly by other factors, such as increased acidity or the use of
preservatives. Many meat and fish products are preserved by a combi-
nation of added salt and refrigeration. While C. botulinum can tolerate
5% water phase salt (WPS) when all other conditions are optimal for
its growth, lower levels (∼3.5%/WPS) are required for inhibition of
growth at refrigerated storage conditions. However, the final WPS in a
cold-smoked product depends on several factors such as thickness, fat
content, brine concentration, brining time, ratio of brine to fish during
brining, temperature, texture, species, and quality of fish (Hildenbrand
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2001). Therefore, obtaining a constant and uniform WPS concentra-
tion in large batches of fish during the salting operation is difficult. For
example, when 50 samples from a commercial operation with a target
WPS of 3.5% were tested, WPS levels ranged from 2.8 to 6% with the
majority of samples being ∼4.0% (Eklund 1993). Dodds (1993) also
reported that a large majority of smoked fish products had aw > 0.97,
i.e., higher than that required to inhibit C. botulinum type E. This
high aw was attributed to either inadequate brining time or lower than
desired salt concentration in the final product. Therefore, while tem-
perature or salt alone may be inadequate to control the growth of C.
botulinum type E, combinations of both with other barriers, e.g., pH
reduction, can be more effective barriers than either alone. For ex-
ample, growth and toxin formation by C. botulinum type E can be
controlled in caviar by adding sufficient salt to produce a water phase
level of at least 5% or adding sufficient acid to reduce the pH of caviar to
5.0 or below (Hauschild & Hilsheimer 1979). It is also recommended
that cold-smoked salmon should have a WPS of 3.5% and be stored
at 4.4◦C to prevent toxin production by C. botulinum type E (Gram
2001). This combination of salt and low-temperature storage would
appear to be effective since, as mentioned previously, there have been
no reported outbreaks of botulism with ROP cold-smoked salmon in
North America. However, due to the variability of these barriers, ad-
ditional barriers may be warranted to ensure the continued safety of
these products. One such barrier that has been recommended to en-
sure the safety of ROP cold-smoked fish products is the addition of
oxygen, either directly in the gas mixture or indirectly using films of
higher oxygen transmission rate (OTR).

12.6.4 Atmosphere, redox potential

Reduced oxygen packaging is being increasingly used to extend the
shelf life and improve the quality of foods. However, ROP is a safety con-
cern because conditions may inhibit the growth of spoilage organisms
without inhibiting the growth of C. botulinum. The high incidence
of type E spores in fish (Table 12.1) has also made the safety of ROP
minimally processed fish products a concern. There is a consensus
of opinion in the regulatory and scientific community that packaging
minimally processed foods in atmospheres containing various levels
of oxygen in the package headspace will provide an extra margin of
safety. The rationale for this additional safety barrier is that oxygen in
the package headspace may delay or inhibit toxin production by C. bo-
tulinum, which is a strict anaerobe, or enhance the growth of spoilage
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microorganisms resulting in spoilage prior to toxigenesis. Regulatory
authorities also claim that the addition of oxygen indirectly through
permeability of the packaging film may enhance the safety of MAP min-
imally processed foods by allowing spoilage to occur (FDA 2001). A
basic question that arises from these claims is “does headspace oxygen
added either directly to the gas mixture or indirectly through the film’s
permeability, prevent or delay the growth of C. botulinum in ROP fish
products?”

Extensive challenge studies have been done on a wide variety of
fresh and minimally processed fish products packaged in air, vacuum,
and under various gas mixtures and stored under refrigeration (4◦C),
mild to moderate (8, 12, and 16◦C), and severe (20–30◦C) tempera-
ture abuse storage conditions (Cann et al. 1983; Dufresne et al. 2000a,
2000b; Eklund 1982; Garcia et al. 1987; Garcia & Genigeorgis 1987;
Huss et al. 1980; Lyver et al. 1998a, 1998b; Post et al. 1985; Reddy et al.
1999; Stier et al. 1981). Huss et al. (1980) found that C. botulinum
type E grew and produced toxin after 9–10 days in herring stored at
15◦C and packaged in ∼52% oxygen (balance CO2) or in 100% oxy-
gen. Eklund (1982) also reported toxin production after 4–10 days in
salmon packaged in air and in an oxygen-enriched atmosphere (65%
CO2, 25% O2, balance N2) and stored at 10◦C (Table 12.3). Extensive
studies by Cann et al. (1983) showed that cod, herring, and smoked
mackerel became toxic when packaged in a modified atmosphere of
40% CO2, 30% O2, and 30% N2, or 60% CO2, (balance N2), or under
vacuum and stored at 10, 15, and 20◦C (Cann et al. 1983). More re-
cently, Dufresne et al. (2000a) found that growth and toxin production
by C. botulinum type occurred within 4–5 days in fresh trout stored at
12◦C, regardless of the initial headspace oxygen concentration, which
ranged from 0 to 100% (Table 12.3). Furthermore, levels of oxygen
remaining in the package headspace ranged from 0 to 11.3% at the
time of toxicity (Dufresne et al. 2000a). These authors also observed
that cold- and hot-smoked trout fish packaged in barrier films, which
restrict oxygen permeability, became toxic faster than fish packaged
in more oxygen-permeable films (Dufresne et al. 2000b). All of these
studies confirm that C. botulinum can grow and produce neurotoxin
in fresh and processed fish, regardless of the packaging conditions.
Indeed, Kautter (1964) reported that toxin could be produced with-
out packaging confirming that oxygen was no safeguard against bo-
tulinum toxin formation. Furthermore, these studies have shown that
storage temperature and redox potential are more important parame-
ters influencing the growth and toxin production by C. botulinum than
the gas atmosphere surrounding the product. While it was previously
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assumed that C. botulinum could not grow in foods exposed to oxy-
gen, the Eh (oxidation reduction potential) of most such foods is usu-
ally low enough to allow its growth (Kim & Foegeding 1993). A thor-
ough explanation of Eh of foods, and their effect on growth of bacteria,
is available (Morris 2000). C. botulinum grows optimally at an Eh of
−350 mV, but growth initiation may occur in the Eh range of +30 to
+250 mV (Kim & Foegeding 1993). Once growth is initiated, the Eh de-
clines rapidly. On the basis of these, and many other studies, the ACMSF
(1992) concluded that “the growth of C. botulinum in foods does not
depend on the total exclusion of oxygen, nor does the inclusion of
oxygen as a packaging gas ensure the growth of C. botulinum is pre-
vented. Anaerobic conditions may also occur in microenvironments
in foods that are not vacuum- or modified-atmosphere packaged. For
example, in the flesh of fish, conditions which are favorable to toxin
production, can exist in air-packaged fish as well as in vacuum- or
modified atmosphere packaged fish.”

While the inclusion of oxygen does not prevent the growth of
C. botulinum in ROP fresh and processed fish products, a more
relevant question is “does headspace oxygen enhance the safety of
these products by promoting spoilage prior to toxigenesis?” Based on
the results of the extensive challenge studies with fish that have been
done to date, it can be concluded that at lower storage temperatures
(4, 8 12◦C), spoilage usually precedes toxigenesis regardless of the
packaging atmosphere. At severe temperature abuse storage condi-
tions (>20◦C), spoilage generally coincides with toxin production in
many fish products, again regardless of the packaging atmosphere.
However, in a few cases, toxigenesis has preceded spoilage in
packaged fresh and smoked fish, stored at 4–12◦C, a highly dangerous
scenario (Table 12.4). Post et al. (1985) found that toxigensis occurred
before spoilage in fresh cod and whiting packaged under various
gas atmospheres, with or without added oxygen (Table 12.4). Garcia
et al. (1987) and Ikawa and Genigeorgis (1986) also found similar
trends in salmon and rockfish packaged under a CO2:air (70:30) gas
mixture. More recently, Dufresne et al. (2000b) carried out studies
to determine the effect of film oxygen transmission rate (OTR) on the
time to toxicity and spoilage in challenge studies with C. botulinum
type E (102 spore/g) in cold- and hot-smoked trout fillets stored at 4, 8,
and 12◦C. While no samples were found to be toxic at 4◦C, toxin was
detected within 28 days at 8◦C for vacuum-packaged portions of cold-
smoked salmon in films with high OTR (>5000 cc/m2/day). Toxin was
also detected for most vacuum-packaged hot-smoked trout portions
within 14–28 days at 8◦C with the exception of portions packaged
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in films with an OTR > 10 000 cc/m2/day (Dufresne et al. 2000b).
In most cases at 8◦C, spoilage, based on odor scores, preceded or
occurred simultaneously with toxigenesis. At 12◦C, all cold- and hot-
smoked fillets were toxic within 14–21 days regardless of the film OTR.
However, for fish packaged in films with an OTR between 5000 and
10 000 cc/m2/day, spoilage occurred prior to toxigenesis and there-
fore provided a certain safety margin (Dufresne et al. 2000b). All of
these studies have shown that even if oxygen is included in the package
headspace, directly or indirectly, it is no guarantee of safety because
toxigenesis may still occur prior to spoilage, depending on the storage
temperature. However, even if fish was spoiled prior to toxigenesis,
overt spoilage cannot always be regarded as a reliable barrier of food
safety. This was demonstrated in the case of a botulism outbreak in
Italy involving tiramisu that was described as “malodorous” at the time
of consumption (Aureli et al. 1996). Reviews on the safety concerns
of fish packaged under modified atmospheres can be found in Gram
(2001), Reddy et al. (1992), Sivertsvik et al. (2002), and Ward (2001).

12.6.5 Product pH

It is generally accepted that the minimum pH permitting the growth
of C. botulinum group I is 4.6, and many regulations worldwide use
this limit. For group II, the pH limit is about 5.0. Acid-tolerant microor-
ganisms such as yeasts and molds may grow in acidic products and
raise the pH in their immediate vicinity to a level that allows growth
of C. botulinum (Huhtanen et al. 1976). C. botulinum can also grow
in some acidified foods if excessively slow pH equilibration occurs.
The upper pH limits for growth are in the range of 8–9, but are of no
practical consequence.

12.6.6 Preservatives

Nitrite is added to cured meat products both for the inhibition of
C. botulinum and for its desired effects on color and flavor. Nitrite
appears to inhibit C. botulinum by more than one mechanism, in-
cluding reaction with essential iron–sulfur proteins to inhibit energy-
yielding systems in the cell (Kim & Foegeding 1993). The reaction
of nitrite, or nitric oxide, with secondary amines in meats to pro-
duce nitrosamines, some of which are carcinogenic, has led to regu-
lations limiting the amount of nitrite used. The United States requires
that vacuum-packaged cold-smoked fish contain 3.5% WPS or 3% if
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combined with 200 ppm nitrite. However, there are regulatory and
consumer concerns about the use of nitrites in food because of the car-
cinogenic effects of nitrosamines formed during processing or cooking
of fish.

Sorbates, parabens, nisin, phenolic antioxidants, polyphosphates,
ascorbates, ethylenediaminetetraacetic acid (EDTA), metabisulfite,
n-monoalkyl maleates and fumarates, and lactate salts are also active
against C. botulinum (Kim & Foegeding 1993). The use of natural or
liquid smoke has a significant inhibitory effect against C. botulinum
in fish.

12.6.7 Other microorganisms

The growth of other microorganisms in foods can inhibit, or facili-
tate, the growth of C. botulinum (Crandall & Montville 1993; Lyver
et al. 1998a; Montville 1982; Okereke & Montville 1991a, 1991b).
Acid-tolerant molds such as Cladosporium sp. or Penicillium sp. may
make the environment more favorable for the growth of C. botulinum
(Huhtanen et al. 1976). Other microorganisms may inhibit C. bo-
tulinum either by changing the environment, or by producing specific
inhibitory substances, or both. Growth of C. botulinum type E was
inhibited in cooked surimi nuggets by Bacillus spp., which were nat-
urally present in the cooked products (Lyver et al. 1998a). Lactic acid
bacteria, including Lactobacillus, Pediococcus, and Streptococcus, can
inhibit the growth of C. botulinum in foods, largely by reducing the
pH, and also by the production of bacteriocins (Crandall & Montville
1993; Hutton et al. 1991; Skinner et al. 1999). The growth of other
microorganisms may also protect consumers by causing spoilage that
would make a toxic product less likely to be consumed.

12.7 Conclusion

In conclusion, food safety is a complex issue and involves many inter-
related variables including inoculum level of the hazard of concern,
aw, pH and preservatives, microbial ecology of the food matrix, redox
potential, gaseous atmosphere surrounding the product, and storage
temperature. Spores of C. botulinum type E are commonly found in
fishery products. As a consequence, botulism from several types of
fishery products, including thermally processed, fermented (Japanese
izushi), salt cured and air dried (faseikh, kapchunka), and smoked fish
products continues to be a problem.
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The risk of botulism from fishery products can be controlled by
either inactivating spores with a thermal process or preventing the
growth of C. botulinum type E, usually by a combination of refrigera-
tion with a defined shelf life and adjusting the WPS content to greater
than 3%. Vacuum packaging smoked fish products in films with an OTR
greater than 10 000 cc/m2/day, i.e., films usually reserved for packag-
ing of fresh meat, fruits, or vegetables, has also been recommended
as an additional safety barrier to allow the product to spoil before be-
coming toxic at temperature abuse storage conditions. At these stor-
age temperatures, packages may become “slack” due to the ingress of
headspace oxygen or the production of CO2 by background spoilage
microflora. However, further studies need to be done on cold-smoked
fish products vacuum packaged in films with an OTR ranging from
5000 to 10 000 cc/m2/day to ensure that such high OTR films provide
a critical margin of safety, i.e., the difference between the time to toxin
detection and sensory spoilage.

References

Abrahamsson, K. 1967. “Occurrence of type E Clostrdium botulinum in
smoked eel.” In: Botulism, M. Ingram and T.A. Roberts (eds.). Chapman
and Hall, London, pp. 73–75.

Advisory Committee on the Microbiological Safety of Foods (ACMSF) 1992.
“Report on vacuum packaging and associated processes.” HMSO Publica-
tion Center, London.

Anonymous 1991. “Epidemiologic notes and reports fish botulism—Hawaii,
1990.” MMWR Morb. Mortal. Wkly. Rep., 40:412–414.

Anonymous 1992. “Outbreak of type E botulism associated with an unevis-
cerated, salt-cured fish product – New Jersey, 1992.” MMWR Morb. Mortal.
Wkly. Rep., 41:521–522.

Armstrong, R.W., Stenn, F., Dowell, V.R. Jr., Ammerman, G., and Sommers,
H.M. 1969. “Type E botulism from home-canned gefilte fish. Report of
three cases.” JAMA, 210:303–305.

Audits International 1999. “U.S. cold temperature evaluation design
study and summary.” Available at: http://www.foodriskclearinghouse.umd
.edu/audits-fda temp study.pdf.

Aureli, P., Franciosa, G., and Pourshaban, M. 1996. “Foodborne botulism in
Italy.” Lancet, 348:1594.

Austin, J. 1996. “Botulism in Canada – Summary for 1995.” Can. Commun.
Dis. Rep., 22:182–183.

Austin, J.W. 2001. “Clostridium botulinum.” In: Food Microbiology. Funda-
mentals and Frontiers, M.P. Doyle, L.R. Beuchat, and T.J. Montville (eds.).
ASM Press, Washington, DC, pp. 329–349.



212 Use of Atmospheric Packaging

Austin, J., Blanchfield, B., Ashton, E., Lorange, M., Proulx, J.-F., Trinidad, A.,
and Winther, W. 1999. “Botulism in Canada – Summary for 1997.” Can.
Commun. Dis. Rep., 25:121–122.

Austin, J., Blanchfield, B., Proulx, J.-F., and Ashton, E. 1997. “Botulism in
Canada – Summary for 1996.” Can. Commun. Dis. Rep., 23:132.

Austin, J.W., and Dodds, K.L. 2000. “Clostridium botulinum.” In: Foodborne
Disease Handbook, Y.H. Hui, M.D. Pierson, and J.R. Gorham (eds.). Marcel
Dekker, New York, pp. 107–138.

Baker, D.A., Genigeorgis, C., and Garcia, G. 1990. “Prevalence of Clostridium
botulinum in seafood and significance of multiple incubation temperatures
for determination of its presence and type in fresh retail fish.” J. Food Prot.,
53:668–673.

Ball, A.P., Hopkinson, R.B., Farrell, I.D., Hutchison, J.G., Paul, R., Watson,
R.D., Page, A.J., Parker, R.G., Edwards, C.W., Snow, M., Scott, D.K., Leone-
Ganado, A., Hastings, A., Ghosh, A.C., and Gilbert, R.J. 1979. “Human bo-
tulism caused by Clostridium botulinum type E: The Birmingham out-
break.” Q. J. Med., 48(191):473–491.

Bott, T. L., Deffner, J.S., McCoy, E., and Foster, E.M. 1966. “Clostridium bo-
tulinum type E in fish from the great lakes.” J. Bacteriol., 91:919–924.

Buryatia.org news agency, Russia 2004. “Botulism, smoked fish—Russia
(Buryatia).” ProMED-mail, archive number 20041028.2914.

Cann, D.C., Smith, G.L., and Houston, F.C. 1983. Further Studies on Marine
Fish Stored Under Modified Atmosphere Packaging. Ministry of Agricul-
ture, Fisheries and Food, Aberdeen, Scotland.

Cann, D.C., Wilson, B.B., Shewan J.M., and Hobbs, G. 1966. “Incidence of
Clostridium botulinum type E in fish products in the United Kingdom.”
Nature, 211:205–206.

Centers for Disease Control and Prevention. 1998. “Botulism in the United
States, 1899–1996.” In: Handbook for Epidemiologists, Clinicians, and
Laboratory Workers. Centers for Disease Control and Prevention, Atlanta,
GA.

Crandall, A.D., and Montville, T.J. 1993. “Inhibition of Clostridium botulinum
growth and toxigenesis in a model gravy system by coinoculation with
bacteriocin-producing lactic acid bacteria.” J. Food Prot., 56:485.

Dodds, K.L. 1993. “Clostridium botulinum in foods.” In: Clostridium bo-
tulinum: Ecology and Control in Foods, A.H.W. Hauschild and K.L. Dodds
(eds.). Marcel Dekker, New York, pp. 53–68.

Dufresne, I., Smith, J.P., Liu, J.N., Tarte, I., Blanchfield, B., and Austin, J.W.
2000a. “Effect of headspace oxygen and films of different oxygen trans-
mission rates on toxin production by Clostridium botulinum type E in
rainbow trout fillets stored under modified atmospheres.” J. Food Saf.,
20:157–175.

Dufresne, I., Smith, J.P., Liu, J.N., Tarte, I., Blanchfield, B., and Austin, J.W.
2000b. “Effect of films of different oxygen transmission rate on toxin pro-
duction by Clostridium botulinum type E in vacuum packaged cold and
hot smoked trout fillets.” J. Food Saf., 20:251–268.



Botulism from Fishery Products 213

Eklund, M.W. 1982. “Significance of Clostridium botulinum in fishery prod-
ucts preserved short of sterilization.” Food Technol., 36:107–112.

Eklund, M.W. 1993. “Control in fishery products.” In: Clostridium botulinum:
Ecology and Control in Foods, A.H.W. Hauschild and K.L. Dodds (eds.).
Marcel Dekker, New York, pp. 209–232.

Eriksen, T., Brantsæter, A.B., Kiehl, W., and Steffens, I. 2004. “Botulism in-
fection after eating fish in Norway and Germany: Two outbreak reports.”
Eurosurveillance, 8.

FDA 2001. “Fish and fishery products. Hazards and control guidance.” 3rd
edn. Center for Food Safety & Applied Nutrition. US Food & Drug
Administration. Available at: http://www.cfsan.fda.gov/∼comm/haccp4.
html.

Galazka, A., and Przybylska, A. 1999. “Surveillance of foodborne botulism in
Poland: 1960–1998.” Eurosurveillance, 4:69–72.

Garcia, G.W., and Genigeorgis, C. 1987. “Quantitative evaluation of Clostrid-
ium botulinum non-proteolytic types B, E and F growth risk in fresh
salmon homogenates stored under modified atmospheres.” J. Food Prot.,
50:390–397.

Garcia, G.W., Genigeorgis, C., and Lindroth, S. 1987. “Risk of growth and
toxin production by Clostridium botulinum nonproteolytic types B, E and
F in salmon fillets stored under modified atmospheres at low and abused
temperatures.” J. Food Prot., 50:330–336.

Gilbert, R.J., and Willis, A.T. 1980. “Botulism.” Commun. Med., 2:25–27.
Graham, A.F., Mason, D.R., Maxwell, F.J., and Peck, H.W. 1997. “Effect of

pH and NaCl on growth from spores of non-proteolytic Clostridium bo-
tulinum at chill temperature.” Lett. Appl. Microbiol., 24:95–100.

Gram, L. 2001. “Potential hazards in cold-smoked fish: Clostridium bo-
tulinum type E.” J. Food Sci. Suppl., 66:1082–1087.

Haq, I., and Sakaguchi, G. 1980. “Prevalence of Clostridium botulinum in
fishes from markets in Osake.” Jpn. J. Med. Sci. Biol., 33:1–6, 24.

Hatheway, C.L. 1993. “Clostridium botulinum and other clostridia that pro-
duce botulinum neurotoxin.” In: Clostridium botulinum: Ecology and
Control in Foods, A.H.W. Hauschild and K.L. Dodds (eds.). Marcel Dekker,
New York, pp. 3–20.

Hauschild, A.H.W., and Hilsheimer, R. 1979. “Effect of salt and pH on tox-
igenesis by Clostridium botulinum in caviar.” J. Food Prot., 42:245–
248.

Hayes, S., Craig, J.M., and Pilcher, K.S. 1970. “The detection of Clostridium
botulinum type E in smoked fish products in the Pacific Northwest.” Can.
J. Microbiol., 16:207–209.

Hildenbrand, K. 2001. “Fish smoking procedures for forced convection
smokehouses.” Available at: http://seagrant.orst.edu/sgpubs/onelinepubs/
i01001.pdf.

Hobbs, G., Cann, D.C., Wilson, B.B., and Shewan, J.M. 1965. “The incidence
of organisms of the genus Clostridium in vacuum packed fish in the United
Kingdom.” J. Appl. Bacteriol., 28:265–270.



214 Use of Atmospheric Packaging

Huhtanen, C.N., Naghski, J., Custer, C.S., and Russell, R.W. 1976. “Growth
and toxin production by Clostridium botulinum in moldy tomato juice.”
Appl. Environ. Microbiol., 32:711–715.

Huss, H.H., Schaeffer, I., Pedersen, A., and Jepsen, A. 1980. “Toxin produc-
tion by Clostrium botulinum type E in smoked fish in relation to measured
oxidation reduction (Eh) potential, packaging method and associated mi-
croflora.” In: Advances in Fish Science and Technology, J.J. Connell (ed.).
Fishing News Books Ltd., England, pp. 476–479.

Hutton, M.T., Chehak, P.A., and Hanlin, J.H. 1991. “Inhibition of botulinum
toxin production by Pediococcus acidilactici in temperature abused re-
frigerated foods.” J. Food Saf., 11:255–267.

Hyytia-Trees, E., Hielm, S., and Korkeala, H. 1998. “Prevalence of Clostridium
botulinum type E in Finnish fish and fishery products.” Epidemiol Infect.,
120:245–250.

Ikawa, J.K., and Genigeorgis, C. 1986. “Probability of growth and toxin pro-
duction by non-proteolytic Clostridium botulinum in rockfish stored un-
der modified atmospheres.” Int. J. Food Microbiol., 4:167–181.

Insalata, N.F., Fredericks, G.J., German, J.H., and Borker, E. 1967. “Clostridium
botulinum type E in frozen vacuum-packed fish.” Food Technol., 21:78–80.

Itar-Tass 1997. “Botulism—Irkutsk.” ProMED-mail, archive number 19970808.
Itar-Tass 1999. “Botulism, Human—Russia (Burjatija).” ProMED-mail, archive

number 19990907.1576.
Kautter, D.A. 1964. “Clostrium botulinum type E in smoked fish.” J. Food Sci.,

29:843–849.
Kim, J., and Foegeding, P.M. 1993. “Principles of control.” In: Clostridium

botulinum. Ecology and Control in Foods, A.H.W. Hauschild and K.L.
Dodds (eds.). Marcel Dekker, New York, pp. 121–176.

Korkeala, H., Stengel, G., Hyytia, E., Vogelsang, B., Bohl, A., Wihlman, H.,
Pakkala, P., and Hielm, S. 1998. “Type E botulism associated with vacuum-
packaged hot-smoked whitefish.” Int. J. Food Microbiol., 43:1–5, 19.

Kuusi, M. 1998. “Botulisme.” Tidsskr. Nor Laegeforen., 118:4338.
Kuusi, M., Hasseltvedt, V., and Aavitsland, P. 1999. “Botulism in Norway.” Eu-

rosurveillance, 4:11–12.
Lindroth, S.E., and Genigeorgis, C.A. 1986. “Probability of growth and toxin

production by nonproteolytic Clostridium botulinum in rockfish stored
under modified atmospheres.” Int. J. Food Microbiol., 3:167–181.

Lund, B.M., and Notermans, S.H.W. 1993. “Potential hazards associated with
REPFEDS.” In:Clostridium Botulinum. Ecology and Control in Foods,
A.H.W. Hauschild and K.L. Dodds (eds.). Marcel Dekker, New York, pp.
279–304.

Lund, B.M., and Peck, M.W. 2000. “Clostridium botulinum.” In: The Micro-
biological Safety and Quality of Food, B.M. Lund, T.C. Baird-Parker, and
G.W. Gould (eds.). Aspen, Gaithersburg, MD, pp. 1057–1109.

Lyver, A., Smith, J.P., Austin, J., and Blanchfield B. 1998a. “Competitive inhibi-
tion of Clostridium botulinum type E by Bacillus species in a value-added



Botulism from Fishery Products 215

seafood product packaged under a modified atmosphere.” Food Res. Int.,
31:311–319.

Lyver, A., Smith, J.P., Nattress, F.M., Austin, J.W., and Blanchfield, B. 1998b.
“Challenge studies with Clostridium botulinum type E in a value-added
surimi product stored under a modified atmosphere.” J. Food Saf., 18:1–23.

Montville, T.J. 1982. “Metabiotic effect of Bacillus licheniformis on Clostrid-
ium botulinum: Implications for home-canned tomatoes.” Appl. Environ.
Microbiol., 44:334–338.

Morris, J.G. 2000. “The effect of redox potential.” In: The Microbiological
Safety and Quality of Food, B.M. Lund, T.C. Baird-Parker, and G.W. Gould
(eds.). Aspen, Gaithersberg, MD, pp. 235–250.

Nielsen, S.F., and Pedersen, H.O. 1967. “Studies on the occurrence and ger-
mination of Clostrdium botulinum in smoked salmon.” In: Botulism, M.
Ingram and T.A. Roberts (eds.). Chapman & Hall, London, pp. 66–72.

Objective Media Group 2004. “Botulism, dried fish—Ukraine (Kharkov).”
ProMED-mail, archive number 20041030.2930.

Okereke, A., and Montville, T.J. 1991a. “Bacteriocin inhibition of Clostridium
botulinum spores by lactic acid bacteria.” J. Food Prot., 54:349–353, 356.

Okereke, A., and Montville, T.J. 1991b. “Bacteriocin-mediated inhibition of
Clostridium botulinum spores by lactic acid bacteria at refrigeration and
abuse temperatures.” Appl. Environ. Microbiol., 57:3423–3428.

Pace, P.J., Krumbiegel, E.R., Angelotti, R., and Wisniewski, H.J. 1967. “Demon-
stration and isolation of Clostridium botulinum types from whitefish
chubs collected at fish smoking plants of the Milwaukee area.” Appl. Mi-
crobiol., 15:877–884.

Peck, M.W. 1997. “Clostridium botulinum and the safety of refrigerated pro-
cessed foods of extended durability.” Trends Food Sci. Technol., 8:186–192.

Post, L.S., Lee, D.A., Solberg, M., Furgang, D., Specchio, J., and Graham, C.
1985. “Development of botulinal toxin and sensory deterioration during
storage of vacuum and modified atmosphere packaged fish fillets.” J. Food
Sci., 50:990–996.

Prevot, A.R. 1953. “Rapport d’introduction du President du Sous-Comite
Clostridium pour l’unification de la nomenclature des types toxigeniques
de C. botulinum.” Int. Bull. Bacteriol. Nomenclature, 3:120–123.

Proulx, J.F., Milot, R.V., and Austin, J. 1997. “Four outbreaks of botulism in
Ungava Bay, Nunavik, Quebec.” Can. Commun. Dis. Rep., 23:30–32.

Przybylska, A. 2002. “Botulism in Poland in 2000.”Przegl. Epidemiol., 56:305–
310.

Przybylska, A. 2003. “Botulism in Poland in 2001.” Przegl Epidemiol., 57:99–
105.

Reddy, N.R., Armstrong, D.J., Rhodehamel, E.J., and Kautter, D.A. 1992. “Shelf-
life extension and safety concerns about fresh fishery products packaged
under modified atmospheres: A review.” J. Food Saf., 12:87–112.

Reddy, N.R., Solomon, H.R., and Rhodehamel, E.J. 1999. “Comparison of
margin of safety between sensory spoilage and onset of Clostridium



216 Use of Atmospheric Packaging

botulinum toxin development during storage of modified atmosphere
(MA)-packaged fresh marine cod fillets with MA-packaged aquacultured
fish fillets.” J. Food Saf., 19:171–183.

Regions.ru 2004. “Botulism, dried fish suspected—Russia (Volgograd).”
ProMed-mail, archive number 20040526.1424.

Regions.ru 2005. “Botulism in the Rostov region, Russia.” ProMED-mail,
archive number 20050118.0167.

Reuters 1999. “Botulism—Azerbaijan (Baju).” ProMED-mail, archive number
19991222.2193.

Rouhbakhsh-Khaleghdoust, A. 1975. “The incidence of Clostridium bo-
tulinum type E in fish and bottom deposits in the Caspian Sea coastal
waters.” Pahlavi Med. J., 6:550–556.

Sakaguchi, G. 1997. “Izushi and type E botulism.” Jpn. J. Food Microbiol.,
14:1–6.

Sheveleva, S.A., Efimochkina, N.R., Ivanova, A.A., Tururushkina, N.N., and
Frolochkina, T.I. 2003. “Food poisonings and infections in the Russian Fed-
eration during 1992–2001: State-of-art and trends.” Gig. Sanit., 38–45.

Sivertsvik, M., Jeksrud, W.J., and Rosnes, J.T. 2002. “A review of modified atmo-
sphere packaging of fish and fishery products—Significance of microbial
growth, activities and safety.” Int. J. Food Sci. Technol., 37:107–127.

Skinner, G.E., Solomon, H.M., and Fingerhut, G.A. 1999. “Prevention of
Clostridium botulinum type A, proteolytic B and E toxin formation in
refrigerated pea soup by Lactobacillus plantarum, ATCC 8014.” J. Food
Sci., 64:724–727.

Stier, R.F., Bell, L., Ito, K.A., Schafer, B.D., Brown, L.A., Seeger, M.L., Allen,
B.H., Porcuna, M.N., and Lerke, P.A. 1981. “Effect of modified atmosphere
storage on Clostrdium botulinum toxigenesis and the spoilage micrflora
of salmon fillets.” J. Food Sci., 46:1639–1642.

Telzak, E.E., Bell, E.P., Kautter, D.A., Crowell, L., Budnick, L.D., Morse, D.L.,
and Schultz, S. 1990. “An international outbreak of type E botulism due to
uneviscerated fish.” J. Infect. Dis., 161:340–342.

Thatcher, F.S., Erdman, I.E., and Pontefract, R.D. 1967. “Some laboratory and
regulatory aspects of the control of Clostridium botulinum in processed
foods.” In: Botulism, M. Ingram and T.A. Roberts (eds.). Chapman and Hall,
London, pp. 511–521.

Therre, H. 1999. “Botulism in the European Union.” Eurosurveillance, 4:2–7.
Wainwright, R.B., Heyward, W.L., Middaugh, J.P., Hatheway, C.L., Harpster,

A.P., and Bender, T.R. 1988. “Food-borne botulism in Alaska, 1947–1985:
Epidemiology and clinical findings.” J. Infect. Dis., 157:1158–1162.

Ward, D.R. 2001. “Processing parameters needed to control pathogens in cold-
smoked fish – Description of the situation.” J. Food Sci. Suppl., 66:1082–
1087.

Weber, J.T., Hibbs, R.J. Jr., Darwish, A., Corwin, A.L., Rakha, M., Hatheway,
C.L., El Sharkawy, S., El Rahim, S.A., Al Hamd, M.F.S., Sarn, J.E., Blake, P.A.,
and Tauxe, R. 1993. “A massive outbreak of type E botulism associated with
traditional salted fish in Cairo.” J. Infect. Dis., 167:451–454.



13

VERIFICATION FOR USE OF

TIME-TEMPERATURE INTEGRATOR

CONTROLS FOR SEAFOOD

W. Steven Otwell

Utility and dependability of time–temperature integrators (TTIs) in
monitoring thermal consequences for foods has been well established
through scientific studies and practical commercial operations. Re-
views of this technology have explained a multitude of devices and
applications for both frozen and refrigerated foods (Farquhar 1977;
Fu et al. 1991; Mendoza et al. 2004; Rice 1989; Sanderson-Walker
1979; Shimoni et al. 2001; Taoukis et al. 1991). The devices are col-
lectively known as time–temperature indicators, with distinction as
time–temperature integrators if the reaction mechanism involves a
more progressive or time response to thermal changes. More recent
TTI applications with seafoods have demonstrated use in monitoring
product quality in storage and transport (Otwell 1997; Taoukis et al.
1999). Skinner and Larkin (1998) recommended the use of TTIs in pre-
dicting potential problems with Clostridium botulinum in anaerobic
packaging of seafood, and Welt et al. (2003) provided TTI designs to im-
prove on such applications. Currently, numerous regulatory agencies
including FDA and USDA recognize the utility of TTIs in monitoring
thermal consequences in HACCP (hazard analysis and critical control
point) programs mandated to maintain food safety.

The TTIs used for refrigerated seafood provide a progressive and
irreversible color change or detectable color migration in response
to thermal exposure over time. The rate of change or migration in-
creases as the exposure time and temperature increase. Likewise, the
rate of change or migration is slower as temperature decreases. This

217

Modified Atmospheric Processing and Packaging of Fish: Filtered Smokes, Carbon Monoxide, and Reduced 
Oxygen Packaging

Edited bEdited by W. Steven Otwell, Hordur G. Kristinsson, Murat O. Balaban
Copyright © 2006 by Blackwell Publishing



218 Use of Atmospheric Packaging

function is based on an enzymatic or other chemical change in the TTI
formulation. The formulations can be modified to provide a variety
of response rates for different temperatures. As a result the TTI can
provide a simple visual indication for the thermal history of a food.

The TTI devices are available as sticks, tags, tabs, or labels that can be
attached or adhered to the individual packaged units or larger contain-
ers and pallets of product. Likewise they can be designed into the pack-
aging materials and product labels. They are regarded as “smart labels.”
Some firms have actually investigated aligning the TTIs with existing
bar coding and radio frequency identifications (RFIDs) for detection
by existing lasers and radio frequency detection equipment. TTI man-
ufacturers include Avery Dennison, Painesville, OH (TTSensor); Cox
Technology, Inc., Belmont, NC (VITSAB®); 3M Co., St. Paul, MN (3M
MonitorMarkTM); Lifelines Technology, Inc., Morris Plains, NJ (Lifeline
Fresh-Check); Coldice, Oakland, CA (WarmMark TM); Food Guardian
Ltd., Herts, England (Freshhold TM); DeltaTrak, Inc., Pleasanton, CA
(TempDot); TelaTemp Corp., Fullerton, CA (ColdSNAP); and Time
Ticket Limited, Queensland, Australia (TherMonitor). A description of
the various TTIs is beyond the scope of this chapter but the commercial
activity in the United States with TTIs for fresh and thawed seafood
in transit and storage currently involves applications of TTSensors,
VITSABs, or Fresh-Checks.

Mendoza et al. (2004) evaluated the performance of the three most
popular TTIs used for seafood with emphasis on applications for pack-
aging with reduced oxygen packaging (ROP). All TTIs performed as
designed and direct observation and computer modeling suggested
VITSAB M2-10 and Avery Dennison T126(2) and T126(4) could be
used to predict safety of fresh seafood in ROP. Such application could
avert potential concerns for growth and production of C. botulinum
unique to refrigerated seafood in ROP such as vacuum packs and mod-
ified atmospheric packaging in nonpermeable films or bags. This work
substantiated the initial predictions by Welt et al. (2003) who offered
additional recommendations for TTI designs to minimize false read-
ings. These recommendations further supplement the existing stan-
dards for TTIs (indicators) issued by the American Society for Testing
and Materials (ASTM 1996).

On the basis of the performance, the U.S. Food and Drug Admin-
istration specifically recognized and recommended the use of TTIs
in monitoring the thermal consequences for seafood during process-
ing, distribution, and storage (FDA 2001). In this guidance for seafood
HACCP programs, FDA recommendations include reference to use of
TTIs to control potential scombrotoxin (histamine) formation in cer-
tain fish species (see Chapter 7), pathogen growth in ready-to-eat or
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previously cooked seafood (see Chapter 12), and C. botulinum growth
in nonfrozen ROP seafood. The TTIs are recognized as effective con-
trols in monitoring thermal abuse. It is important to note, however,
that FDA expects the selection and use of the most appropriate TTI
relative to the critical limits for the respective process and seafood
products. FDA also emphasizes that the performance of the TTIs must
be validated and verified.

Whether the TTIs are used in a HACCP program mandated for food
safety or a basic quality assurance program volunteered by a supplier
or a buyer, all TTIs should be subject to some form of routine verifica-
tion and validation. Verifications and validation have specific meanings
based on the established principles for food safety in HACCP programs
for seafood (FDA 1995). The lengthy definitions can be reduced to very
simple terms relative to the TTI performance in monitoring. Both in-
volve recording information and evidence that the TTIs work. A “val-
idation” is information available “before” applying the TTIs, which
indicates they will “work” as anticipated. “Verification” is information
collected “after” applying the TTIs, which indicates the TTIs are “work-
ing” or did “work” as anticipated. The responsibility for recording this
information is shared by the TTI manufacturer and the firms supplying
and receiving the seafood in question.

Validations should be conducted and provided by the TTI manufac-
turers as evidence that a particular type, production lot, or shipment
of TTIs will provide the appropriate time and temperature responses
as specified. For example, a TTI with a specified response as depicted
in Fig. 13.1 should be validated across the range of probable tempera-
tures and times, which could be encountered in use with a particular
seafood product. The graphed response for potential growth of prob-
lematic C. botulinum represents the critical limit for refrigeration of
fresh ROP seafood. The validation evidence must confirm that the TTIs
would provide the expected responses (i.e., color change) during ther-
mal abuses (i.e., >4.2 days at 7◦C or >2 days at 10◦C) as well as during
proper refrigeration for the particular seafood product (i.e., 5 days at
<5◦C). It is important that the validation is conducted in a manner
to account for the full TTI response for the duration of time under
proper and abuse conditions. The validation must assure the TTIs will
perform as expected through temperatures and times that “exhaust”
the TTI beyond the expected visual change. The manufacturer’s vali-
dations should come in the form of a written report accompanying a
shipment or a lot of TTIs for use over a specified period of time (TTI
shelf life) while stored under specified conditions prior to activation
and placement with foods. Figure 13.2 shows a typical manufacturer’s
TTI validation letter. This information should be filed with the HACCP
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ary” curve predicted for the growth of potential of Clostridium botulinum in
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or company records for future reference. No firm should buy or use
TTIs without an appropriate and current validation.

Similarly, a user of TTIs at point of activation and application and/or
product receiving must conduct verifications to assure the TTIs are
working. This evidence is necessary to detect errant TTIs or potential
fraudulent use or manipulations to alter the response. The verification
can simply involve a sampling of activated TTIs taken with or without
packaged product and monitored under controlled refrigeration and
abuse conditions. The results would record the actual storage condi-
tions and time for the expected TTI response. As for the validation,
this real-time verification evidence would remain part of the company
and HACCP records.

There are no standard or mandated verification forms or records. The
approach is optional but the records should include the following:

� record title (TTI Verification)
� firm name and location
� time and dates
� product involved (type, lot number, production/shipment date, etc.)
� actual observations (TTI changes)
� signature and dates for each observation
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Manufacturer's Letterhead

Date: d / m/ yr

To: Customer

From: TTI Manufacturer's name and/or
authorized representative with accompanying "signature"

This letter confirms the following shipment of TTIs have been validated for performance in 
accordance to the listed specifications. This validation is effective for the particular 
shipment of TTIs if the unactivated TTIs are stored at or below room temperature and 
above freezing for no more than 6 months. Copies of the validation protocol can be 
obtained upon request.

Product: TTI name and identity (lot number, code, etc...)

Performance: Attached graph for TTI with 7 day response at 41°F;
Response is full color change (red to blue);
Check color reference guide

Amount: Volume of product shipped

Validation date: d / m/ yr

TTI shelf life: 6 months postvalidation if stored at or below
room temperature but above freezing (32°F).

Fig. 13.2 Optional format for a TTI validation letter from a TTI manufacturer.
The specific details are fictitious, but the letter illustrates the various details that
should be considered.

Figure 13.3 provides examples for typical TTI verification sheets
that could be simply maintained in a clipboard format. The activated
TTIs would be placed directly on the verification record forms while
stored in the various test temperatures. The frequency for such veri-
fications and number of TTIs used per verification would depend on
the experience and reliability of the TTIs. Initial verifications could be
conducted for every production or application day until the evidence
suggests proven performance. This evidence could justify less frequent
verifications at weekly or monthly intervals aligned with the expected
TTI shelf life (i.e., initial, mid, and late verifications per a specified TTI
shelf life). A similar approach could be used to determine the appro-
priate number of TTIs to use per verification.

In the event that the TTI verification indicates a problem, i.e., the
TTI response was in error and did not occur as expected, the user
or processor should determine the cause and evaluate for potential
problems with the seafood involved. In HACCP terms, this would
involve documented corrective actions, which could include further
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Fig. 13.3 Two examples of an optional verification record for TTI performance,
which includes daily observations for color change (R–red to B–blue) in the TTIs
placed above each column. One record is for verification under specified condi-
tions for proper refrigeration (<41◦F) and the other is for abuse (>50◦F).

product evaluations or actual recalls. For this reason, the verification
protocol should consider more accelerated testing prior to use with
seafood products. An accelerated verification would be conducted at
higher abuse temperatures that increase the response time or exhaust
the TTIs within a shorter period of time, i.e., hours or a few days. In-
terpretation of the accelerated verification would depend on previous
comparisons with results from concurrent TTI activation and storage
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in proper refrigeration to confirm relations for TTI exhaustion at both
temperatures. If the accelerated test corresponds to the expected re-
actions in proper refrigeration, then the shorter verification methods
would be more useful in verifying a TTI response prior to application
with actual seafood products.

Although validation and verification protocol has been successfully
employed in commercial operations for seafood such that users are
more confident for TTI dependability, and current TTIs remain one
of the simplest and least costly options to monitoring thermal conse-
quences for seafood, many food and seafood suppliers have been hesi-
tant to use TTIs. The typical objections include concerns for cost logis-
tics and most obviously accountability and liability. Similarly, seafood
retailers and other buyers have responded in favor of TTIs but they
question use with concerns for liability and consumer interpretation.

Additional research or commercial experience is necessary to de-
termine consumer perception, interpretation, and value. Very limited
work relying on consumer focus groups and surveys suggest con-
sumers are very receptive to the TTI concept, but additional product
orientation and education is recommended to accompany the intro-
duction and use of TTIs (Sherlock and Labuza 1992). To date there are
no reported studies with focus groups or actual in store trials to assess
consumer reactions for TTI labeled seafood. Following verifications,
consumer education is the next vital tool for a successful TTI program.

References

ASTM 1996. “Standard guide for selection of time-temperature indicators.”
Designation F1416-96, 4 pp. Source: www.astm.org.

Farquhar, J.W. 1977. “Time-temperature indicators in monitoring the distribu-
tion of frozen foods.” J. Food Qual., 1(2):119.

FDA 1995. “Procedures for the safe and sanitary processing and importing of
fish and fishery products [Seafood HACCP Regulation]: Final rule.” Code
Fed. Regulation Title 21, Part 123: 65096–65202.

FDA 2001. “Fish & fishery products hazards and control guidance: Third edi-
tion.” 327 pp. Source: Report SGR-121, www.ifasbooks.ufl.edu.

Fu, B., Taoukis, P.S., and Labuza, T.P. 1991. “Predictive microbiology for
monitoring spoilage of dairy products with time-temperature integrators.”
J. Food Sci., 58:1209–1215.

Mendoza, T.F., Welt, B.A., Otwell, W.S., Teixeira, A.A., Kristinsson, H., and
Balaban, M.O. 2004. “Kinetic parameter estimation of time-temperature
integrators intended for use with packaged fresh seafood.” J. Food Sci.,
69(3):FMS90-6.



224 Use of Atmospheric Packaging

Otwell, S. 1997. “Time, temperature, travel—A quality balancing act.” Seafood
Int., 12(Sept.) 57–61.

Rice, J. 1989. “Keeping time/temp tabs on refrigerated foods.” Food Technol.,
43(8):149–158.

Sanderson-Walker, M. 1979. “Time-temperature monitoring and quality ins-
pection—Practical considerations for the quick frozen food manufacturer.”
Int. J. Refrig., 2(2):97.

Sherlock, M., and Labuza, T.P. 1992. “Consumer perception of consumer time-
temperature indicators to use on refrigerated dairy products.” J. Dairy Sci.,
73:3167–3176.

Shimoni, E., Anderson, E.M., and Labuza, T.P. 2001. “Reliability of time tem-
perature indicators under thermal abuse.” J. Food Sci., 66:1337–1340.

Skinner, G.E., and Larkin, J.W. 1998. “Conservative prediction of time to
Clostridum botulinum toxin formation for use with time-temperature in-
dicators to ensure the safety of foods.” J. Food Prot., 61:1154–1160.

Taoukis, P.S., Fu, B., and Labuza, T.P. 1991. “Time-temperature indicators.”
Food Technol., 45(10):70–82.

Taoukis, P.S., Koutsoumanis, K., and Nychas, G.J.E. 1999. “Use of time-tempe-
rature integrators and predictive modeling for shelf-life control of chilled
fish under dynamic storage conditions.” Int. J. Food Microbiol., 53:21–31.

Welt, B.A., Sage, D.S., and Bergen, K.L. 2003. “Performance specification of
time-temperature integrators designed to protect against botulism in re-
frigerated fresh foods.” J. Food Sci., 68(1):2–9.



14

USE OF TTI IN MONITORING

TEMPERATURE EXPOSURE DURING

FOOD TRANSPORT, CATERING,

AND PACKAGING

Peter Rönnow

Modern food industries producing and handling temperature-sensitive
fresh food products and ready-to-eat meals have an increasing responsi-
bility to control temperatures during manufacturing and they generally
employ hazardous analysis critical control point (HACCP) procedures
to ensure that production comply with accepted regulations. These
procedures normally work well within the production facilities, but
as food products are transported and distributed some controls are
lost. With time–temperature indicators (TTIs) or smart labels, a com-
plete monitoring of the full length and duration of food distribution
can be exercised. Once smart labels are activated they respond to tem-
perature changes in a dynamic way, reflecting the overall temperature
exposure of the food products in a more accurate manner and usually
better than the general guidelines from food and health authorities.
TTIs have long been recognized by the scientific community as simple
and highly efficient tools for monitoring temperature responses during
distribution (e.g., Blixt & Tiru 1977; Taoukis & Labuza 1989a, 1989b).
In essence, smart label technology integrates temperature logging and
alarm function into a single use, low-cost label that can readily inform
personnel if food and storage temperatures are holding and satisfac-
tory. Most importantly, it can help assure the food is safe to eat.
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Fig. 14.1 Response time of the TTI formulation (VITSAB type B) to color change
at several constant temperatures. The plotted line represents the combinations
of time and temperature, which cause the particular TTI formulation to change
from green to yellow.

14.1 Basic principles of TTIs

The function of the TTI is based on a reaction being stable over time at
a constant temperature and that its reaction rate changes with ambient
temperature. The reaction can be a physical, chemical, or an enzymatic
irreversible change, which is observed visually either as a movement of
color, development of a color, or simply a color change. For example,
the time necessary for a color change (response time) of a Vitsab smart
label at a set temperature is illustrated in Fig. 14.1. The VITSAB TTI
change is easily observed as a color transition from green to yellow.

14.2 Food industry experience

Vitsab has developed a number of TTI applications over the past 10
years for food products such as fresh salmon fillets (Otwell 1997), fresh
catfish (Otwell 1998), cut salad (Singh 1998), and ground beef (Leak &
Rönnow 2000). The most obvious application of the smart labels is the
use as shelf life indicators, which are designed with a response time
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Fig. 14.2 Recorded temperature profile during an air shipment of produce from
start (S) to finish (F).

to correspond with the time when the food product becomes inedible
or unsafe to eat.

The TTI function of smart labels can also be used in a more powerful
and sophisticated way to evaluate whole or separate parts of the cold
chain. Consider, for example, a produce importer who has several ways
to ship food products either by air or by road. General airline transport
is quicker, but the importer’s experience has shown that it can have
questionable temperature control (Fig. 14.2). The firm’s road transport
on the other hand is more time consuming but can provide excellent
cooling en route through its built-in refrigeration systems (Fig. 14.3).
When comparing the temperature profiles for these shipments it is nei-
ther possible to determine if cooling is adequate enough, nor assess
the full implication of temperature exposure. Likewise, it is difficult
to make a choice for shipment method with the least temperature ex-
posure. From experience the importer has learned that the cold chain
requirement or limit should be 48 h at 5◦C. If this limit is exceeded there
will be no shelf life left for the consumer buying the produce at retail
stores after processing, distribution, and retail display. Fortunately, the
actual time–temperature exposure of the produce during each ship-
ment can be calculated from the logged temperature data and applying
the Arrhenius equation and numerical integration of the temperature
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Fig. 14.3 Recorded temperature profile during road shipment in refrigerated
trucks from start (S) to finish (F).

profile (Table 14.1; calculations not shown). This approach provides
a comparison of the total temperature exposure or load expressed in
terms of the total shipping hours, if kept at a constant temperature
of 5◦C. This comparison for air shipments completed within 20 h vs.
road transportation for 40 h reveals that the equivalent temperature
exposure at 5◦C was 23 h for the air shipment while the road trans-
port resulted in 26 h at 5◦C. Obviously, there is very little or negligible
difference in the temperature exposure between the two products ar-
riving at the final reception, although the road shipment is twice as
long.

Table 14.1 Comparison of actual shipping time vs. the calculated equivalent ex-
posure time at 5◦C and the resulting changes in a special formulated TTI (VITSAB).

Calculated
Actual transport transport time TTI color

Type of shipment (total h) time at 5◦C (h) after transport

Air shipment 20 23 Green
Road transport

(refrig. truck)
40 26 Green

Alternative air shipment 25 61 Yellow
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Fig. 14.4 Recorded temperature profile of an alternative and errant air shipment
of produce from start (S) to finish (F).

Similar calculations indicate problems with the produce imported by
airlines from alternative source (Fig. 14.4). The temperature profile for
this shipment is illustrated in Fig. 14.4. Here the actual transport time
is 25 h. Although the initial temperature is low, it is quite obvious that
there was little temperature control during this air transport and the
final 15 h of transport was out of control. Performing the numerical
integration of these data reveals a temperature exposure of 61 h at
5◦C (Table 14.1). With such a severe temperature abuse the arriving
produce might as well be scrapped on receipt since there will be no
shelf life left for the consumer once the produce would be available
to consumers in retail stores.

The summarized results for the three examples for transport of pro-
duce illustrated in Figs. 14.2–14.4 indicate the utility of an appropriate
TTI. If the produce importer had used a TTI label formulated to the cold
chain requirement or limit of 48 h at 5◦C, the resulting color changes in
these smart labels would have indicated any loss of temperature con-
trol. The VITSAB TTIs from the shipments that remained in control
(Figs. 14.2 and 14.3) would remain green, while the same formulated
TTI used on the alternative air shipment (Fig. 14.4) would have turned
yellow. Thus, personnel at the receiving dock would instantly detect
problems by simply observing and recording the color of the smart
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labels. These examples clearly demonstrate that TTIs or smart labels
can be used as simple, yet powerful tools for temperature monitoring
and as an integrated alarm alerting personnel whether the required
and agreed cold chain requirements have been achieved.

14.3 Application of smart labels in catering airlines

British Airways serves about 65 million meals in the air each year. These
meals are supplied from approximately 190 flight kitchens worldwide.
All flight kitchens supplying British Airways with ready-to-eat foods use
a globally approved airline HACCP system, including preagreed preven-
tive controls, documented verifications, and monitoring. In general,
cold meals are consumed within 24 h of preparation and are main-
tained in a safe condition with regulated storage temperatures from
time of production to various delivery areas. British Airways programs
have to conform to established guidelines for food safety. These reg-
ulations are naturally based on a general concern of bacterial growth
associated with food and increased growth rates with increased tem-
peratures. The pertinent food safety authorities have established the
following general guidelines for catered food served on board aircraft:

(1) All prepared food should be consumed within 24 h at an “average”
temperature of 7◦C or otherwise scrapped.

(2) Prepared food should not be exposed to temperatures higher than
10◦C for more than 4 h.

Adequate controls are based on actual temperature exposures and
duration of exposure as the decisive factors in assessing the harmful
risk when food products are consumed. In the absence of simple and
effective tools to measure or monitor this risk, regulatory authorities
used very crude measures in order to maintain a sufficient margin
for food safety. As illustrated for the produce importer, TTI labels can
be excellent tools to measure the temperature exposure of catered
foods. The actual cold chain requirements or limits can be set and
defined in accordance with the regulatory guidelines and any customer
specifications, both of which can include warnings for specific health
risks.

For example, temperatures in food catering trolleys were evaluated
for a number of flights by using electronic temperature recording
devices to provide a better understanding of potential temperature
abuses during routine operations. From these data and with reference
to the initial regulatory guidelines, a suitable TTI configuration (Flight
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Fig. 14.5 Response times for a particular formulated Flight Label (VITSAB) de-
signed for use in monitoring catered foods for airlines.

Label) was formulated. The Flight Label formulation was chosen to
have a response time of 24 h at 7◦C (Fig. 14.5). It is quite obvious that
this formulation has a response time far longer than the regulatory
guidance of 4 h at 10◦C. In fact, the equivalent response time for the
Flight Label was around 13 h at 10◦C. Although this may seem to be a
violation of the recommendations from the food authorities, it is still
viewed as an appropriate choice especially in general consideration of
bacterial growth.

The TTI allowed a more refined, science-based measure for thermal
abuse and bacterial consequences. The main reason that the health
authority recommendation of no more than 4 h above 10◦C was chal-
lenged was that these food products have a total shelf life of about
3 days at temperatures below 7◦C. At 9◦C they have more than 2 days
shelf life. Thus, an additional 1 to 2◦C increase cannot spoil the food
any more than a 4 h exposure at 10◦C and there is sound bacteriolog-
ical basis for such an argument. In order to verify that the Flight Label
configuration could give a proper warning for potential risks arising
from temperature abuse, a number of standard catered meals such as
chef’s salad, chicken liver canapé, mustard and pommery mayonnaise,
prawn and mango salad, queen of pudding, and treacle tart were eval-
uated for bacterial growth (Richards 2002). Worst-case scenarios, i.e.,
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Table 14.2 Validation trials for microbial consequences on foods used in airline
catering study.

Time to reach a maximum level,
1000 CFU/g (h)

Storage Staph. Listeria Bacillus Flight Label
temperature (◦C) aureus monocytogens cereus run-time (h)

22 8 18 18 3.2
15 22 72 96 8.0
10 72 156 144 15.8

Note: Flight Label reaction time was based on the TTI formulation that would change color
at the designated times per the different temperatures.

shortest times to reach a level of 1000 CFU/g were selected from the
combination of food and bacterial species and compared to the re-
sponse time of the Vitsab Flight Label. These results clearly demon-
strate that Vitsab Flight Labels give a comfortable safety margin before
the bacterial numbers reach levels constituting a potential food poi-
soning risk (Table 14.2). A major benefit of TTIs is that they respond to
temperatures in the same dynamic way as bacterial growth responds to
temperature changes in foods. The Vitsab Flight Label system is now
used for most British Airways flights in Europe and the commercial
benefits for British Airways can be summarized as follows:

(1) Protection of public and cabin crew.
(2) Protection against civil and criminal actions in case of a food

poisoning case for the company (British Airways).
(3) In the future it will allow the airline to operate with return cater-

ing.
(4) It will allow the airline to manage unplanned effect at airports

(delays etc.).

14.4 Application of TTI concept to MAP- and
ROP-packed seafood

Health authorities in the United States have growing concerns for risk
of toxin formation from Clostridium botulinum with the development
of consumer ready packaging where small plastic trays with seafood
products are covered with transparent plastic film. Most of these pack-
aging materials not only restrict the diffusion of oxygen through the
film but can also generate anaerobic pockets in the package where the
anaerobic bacterium C. botulinum can grow and produce its feared
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Fig. 14.6 Time and temperature boundary of toxin formation by Clostridium
botulinum according to Skinner and Larkin (1998) using the empirical function:
log (LT) = 0.65 − 0.0525 + 2.74 (1/t).

toxin. This type of packaging for seafood has collectively been desig-
nated as reduced oxygen packaging (ROP).

Skinner and Larkin (1998) highlighted this concern for FDA by
documenting times required for C. botulinum to produce toxin at
a wide range of temperatures. They compiled these data together with
previously published data on toxin formation and found that there was
a distinct boundary between time and temperature combinations re-
sulting in toxin formation and an area where toxin was not formed.
They established that the boundary or borderline could be illustrated
with an empirically adapted mathematical formula (Fig. 14.6). They
also suggested that TTIs could be employed as a tool to warn against
time and temperature exposures, which could bring these seafood
products into the dangerous area of toxin formation by C. botulinum.
Vitsab and Mendoza et al. (2004) have since demonstrated that TTI
formulations are well suited to match the boundary defined by Skin-
ner and Larkin and give appropriate warnings for seafood products
entering into the high-risk area of toxin formation. Thus, successful
experience in application of TTIs with other foods and food cater-
ing can also apply to use of special packaging for specific seafoods
(Figs. 14.7 and 14.8).
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Plate 2.1a Mahimahi fillets being washed to
remove smoke odor.

Plate 2.1b (Top) Clearsmoke-treated mahimahi and (bottom) CO gassed previ-
ously frozen mahimahi.

Plate 2.1c Example of labeling for filtered wood smoke items.
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Plate 8.1a Visual comparison of steaks from fresh tuna loin (not treated) and
the same quality tasteless smoke treated tuna frozen and thawed.

Plate 8.1b Visual comparison of similar tuna steaks previously treated with
100% carbon monoxide versus those treated with tasteless smoke after thawing
and storage in refrigeration for 5 days.

Plate 8.1c New automatic high-pressure gas injection system designed to im-
prove and control applications of tasteless smoke for treating fish muscle. Pictured
process involves tuna loins.



Plate 9.1 Images of fresh grade A tuna samples and (a) after 7-day storage on
ice, (b) after 48-h exposure to 100% CO, (c) after 48-h exposure to 20% CO, (d)
after 7 days freezing and thawing and then 2-day storage on ice, (e) after 7 days
freezing and thawing and then 48-h exposure to 100% CO, and (f) after 7 days
freezing and thawing and then 48-h exposure to 20% CO.



Plate 9.2 Images of fresh grade B tuna samples and (a) after 2-day storage on
ice, (b) after 48-h exposure to 100% CO, (c) after 48-h exposure to 20% CO, (d)
after 7 and 9 days storage on ice, (e) 7 days on ice and then 48-h exposure to
100% CO, and (f) 7 days on ice and then 48-h exposure to 20% CO.



Plate 9.3 Images of fresh mahimahi samples and (a) after 2-day storage on ice,
(b) after 48-h exposure to 100% CO, (c) after 48-h exposure to 20% CO, (d) after
7 and 9 days storage on ice (e) after 7-day storage on ice and then 48-h exposure
to 100% CO, and (f) after 7-day storage on ice and then 48-h exposure to 20% CO.
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