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CONSERVATION, PAR IRRADIATION, DU BACON ET D'AUTRES VIANDES

SALEES OU FUMEES POUR LA REDUCTION DU NITRITE

ETUDE

par

Harwant Singh

RESUME

On conserve l e s viandes rouges par sa la i son ou fumage depuis des
s i&c les . Le n i t r i t e de sodium, el&nent p r i nc ipa l de l a composition de
s a l a i s o n ou de flinage, accentue e t f ixe l a couleur rose associe'e aux viandes
s a l e e s ou fumees, cont r ibue a leur donner du gout , empeche l a peroxydation
des l i p ides et l e d§veloppement des micro-organismes, en p a r t i c u l i e r l e s
spores de Clostridium botulinum. Le p r inc ipa l probleme dQ au n i t r i t e e s t l a
formation de ni t rosamines carcinog&nes dans l e bacon et d ' a u t r e s viandes
sa l ee s ou fumSes. Ceci a conduit "k l a recherche d ' a u t r e s moyens poss ib les
de conservation que ce lu i -c i . L ' i rradiat ion et l ' u t i l i s a t i o n de n i t r i t e en
plus faible proportion est une autre poss ib i l i t i encourageante pouvant
remplacer l ' u t i l i s a t i o n du n i t r i t e en ses proportions actuel les . La
radurisation (pasteurisation par rayonnement) du bacon a 20 5 40 mg de
n i t r i t e au kg en emballages dans lequel on a fai t le vide, irradie" et gard§
H 4°C, donne un produit ayant de bonnes qualites organoleptiques et une
durSe de conservation avant la vente de > 80 jours par rapport a < 30 jours
dans le cas du bacon t r a i tg par le proc£d§ classique. La radappertisation
( s t§ r i l i s a t ion par rayonnement) du bacon a 20 mg de n i t r i t e au kg, a -20° ou
au-dessous, en emballages dans lequel on a fai t le vide, donne un produit
ayant une s t ab i l i ty de conservation avant la vente de plusieurs mois a1

quelques annies lo r squ ' i l est garde a une temp&rature ambiante (~25°C). I I
a des propriitSs organoleptiques comparables 1 celles du bacon vendu dans le
commerce quant a la couleur, au goilt, a l 'odeur et a la texture. En outre,
1 ' i rradiat ion rSduit la quantity de n i t r i t e et de nitrosamines dans le
bacon. Les nitrosaraines se forment en des quantitSs plus faibles lorsqu'on
cult le bacon irradie" aux proportions de n i t r i t e appliqufies actuellement
dans le commerce (120-150 mg au kg) et deviennement nigligeables a une
proportion de 20 mg de n i t r i t e au kg. On examine dans ce rapport les divers
aspects de la conservation du bacon et d'autres viandes salSes ou fumSes
tout en mettant en rel ief le traitement par rayonnement.
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ABSTRACT

Red meats have been preserved by curing for centuries. Sodium
nitrite, a key ingredient of the cure mix promotes and fixes the pink color
associated with cured meats, contributes to their flavor, inhibits lipid
peroxidation and prevents growth of microorganisms, particularly Clostridium
botulinum spores. The main problem caused by nitrite is the formation of
carcinogenic nitrosamines in bacon and other cured meats. This has led to a
search for alternatives to the use of nitrite. Irradiation with reduced
level of nitrite is a promising alternative to the use of current levels of
nitrite. Radurization (radiation pasteurization) of bacon containing 20 to
40 mg/kg of nitrite in evacuated packages, irradiated and stored at 4°C,
gives a product with good organoleptic qualities and extended shelf life of
> 80 days vs. < 30 days for the conventionally treated bacon. Radappertiza-
tion (radiation sterilization) of bacon containing 20 mg/kg of nitrite at a
dose of about 30 kGy, irradiated at -20° or lower in evacuated packages,
results in a product that is shelf stable for months to years at room tem-
perature (~25°C). It has organoleptic properties comparable to commercial
bacon in terms of color, flavor, odor and texture. Irradiation also reduces
the nitrite and preformed nitrosamines present in bacon. Lower levels of
nitrosamines are formed on cooking irradiated bacon containing presently
used commercial levels of nitrite (120-150 mg/kg) and the levels of nitrosa-
mines become negligible with 20 mg/kg of nitrite. Various aspects of pre-
servation of bacon and other cured meats are reviewed in this report with
emphasis on radiation processing.
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SUMMARY

1. Red meats have baen preserved by curing (salting and smoking) for

centuries. Sodium nitrite is a key ingredient in the cure mix.

2. The roles of nitrite in cured meats are: promotion and fixation

of pink color, contribution to characteristic flavor, inhibition

of lipid peroxidatlon and inhibition of microorganisms, particu-

larly, C_. botulinum spores. However, under conditions of exces-

sive contamination or prolonged temperature abuse, nitrite does

not indefinitely prevent outgrowth of C_. botulinum spores. Spoil-

age or toxin production may ultimately ensue. It also does not

inhibit salmonellae and staphylococci•

3. The main problem caused by nitrite is the formation of carcino-

genic nitrosamines in bacon and other cured meats. This has led

to a search for alternatives to nitrites.

4. Details of mechanisms of nitrite action in cured meatj are not

fully understood. On application as well as during storage,

nitrite levels decrease due to chemical and enzymatic reactions.

It needs to be determined whether there is a threshold value of

nitrite to control clostridium spore germination, and whether it

is the value of nitrite that is first applied or does it need to

be maintained as long as this protection is required.

5. Although a minor portion of daily human intake of nitrite is from

bacon and other cured meats, and the adverse effect of nitrosamine

formation in the alimentary tract can be reduced/minimized by

simultanous ingestion of ascorbate (vitamin C), the adverse

effects of preformed nitrosamines in the meats cannot be easily

counteracted.

6. Nitrosaraine formation depends on the square of nitrite concentra-

tion. Thus, the reduction of nitrite in Canadian bacon from 200



to 150 mg/kg brought about in 1978 reduced nitrosamine formation

in bacon by a factor of about 2.

7. Promising alternatives to the use of current levels of nitrite

include (i) combined use of Vitamins C and E with conventional

levels of nitrite, (ii) lactic acid producing bacteria

(lactobacilli) with fermentable carbohydrate and reduced levels of

nitrite, and (iii) irradiation with reduced levels of nitrite. Of

these only irradiation leads to extension of shelf life of bacon.

8. The radiation resistant C^ botulinum spores require sterilizing

doses for their elimination. Typical level of C. botulinum spores

in bacon (and meats in general) is one spore per 0.45 to 3.2 kg.

9. Radappertization (radiation sterilization) of smoked bacon con-

taining 20 mg/kg of nitrite at a dose of about 30 kGy, irradiated

at -20°C or lower in air tight packages, results in a product that

is shelf stable for months to years at room temperature (~25°C).

It has good organoleptic properties, which are comparable to

commercial bacon in terms of color, flavor, odor and texture.

Discussion of this process with industry and the regulatory

authorities is warranted.

10. Radurization (radiation pasteurization) of bacon containing

20-40 mg/kg of nitrite, in evacuated packages, irradiated and

stored at 4°C, gives a product with good organoleptic qualities

and extended shelf life (>80 days vs. <30 for the conventionally

treated bacon). The commercialization of this process is also

warranted. Although in industrialized countries temperature abuse

is not likely, it would be safer to include an indicator of tem-

perature abuse in bacon packages such as a lactobacillus species,

which can also serve as an inhibitor of clostridium spore germina-

tion. However, this would require some further work.

11. The nutritional quality of irradiated bacon and cured meats

remains good.



12. Irradiation reduces nitrite and preformed nitrosamines present in

bacon. Lower levels of nitrosamines are formed on cooking irradi-

ated bacon containing nitrite.

13. The inhibition of lipid peroxidation by nitrite is suggested to be

due to chain termination by .NO and .N02 produced by nitrite.

14. Chemical identification of products formed on irradiation of foods

has assumed an important role in comparison to animal feeding

studies with the acceptance of the principle of chemiclearance by

relevant authorities. This has led to a shift of emphasis from

toxicological studies by animal feeding to detailed monitoring and

analyses of radiation chemical products formed on irradiation of

foods. Continued further analyses on the products formed on irra-

diation of meats, with more sensitive equipment as it becomes

available, would help assure the public and the regulatory author-

ities of the safety of radiation processing of meats.

15. The regulated nitrite levels in conventionally treated bacon are

being further reduced to 100 mg/kg in the U.S. (from 120 mg/kg)

and to 120 mg/kg in Canada (from 150 mg/kg).

16. As a step towards commercialization of irradiated meats, increased

organoleptic testing by consumer panels should be undertaken.

17. Economic evaluation of radurization and radappertization of bacon

should be undertaken, preferably jointly with the industry.



1. INTRODUCTION

Bacon and other cured meats account for a significant fraction of

the total meats consumed. Relevant data for Canada is shown in Appendix A.

Sodium nitrite is a key component of the cure mix used for curing meats. It

serves several purposes: it affects color and flavor favorably, acts as an

antioxidant and protects against botulism.

Nitrates, with nitrites as Impurities, were unknowingly used for

curing of meats for centuries (Binkerd and Kolari, 1975). Understanding of

the process and identification of nitrite as the key ingredient led to the

specific use of nitrite in the cure mixes (Doran, 1917). Further work on

the role of nitrite in the last 20 years or so has shown that they contri-

bute to the formation of carcinogenic nitrosamines. This has led to regu-

lations in the U.S., Canada and other countries to reduce the level of

nitrites in bacon and cured meats, e.g. see Appendix B. This, in turn, has

prompted a search for alternatives to nitrite.

Nitrosamine formation from nitrite is the key concern about its

continued use in cured meats since many of the nitrosamines have been shown

to be carcinogenic (Sen, 1980). Nitrosaraines are formed principally from a

reaction between secondary amines and nicrous acid, although they can also

be formed to a lesser extent from primary and tertiary amines, quaternary

ammonium compounds and primary polyamines (Gray and Randall, 1979). As

shown by the data given later for various foods, cured meats are the single

largest exogenous source of nitrites, and cooked bacon of preformed

nitrosamines.

The irradiation process appears to be an effective method for

protecting bacon and other cured meats against spoilage and botulism, while

providing an organoleptically acceptable product (Wierbicki, 1981). Many

cured meats like bacon are packaged such that they lend themselves to irra-

diation by electron beam.
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The main aim of this report is to review the work done on raduri-

zation (radiation pasteurization) and radappertization (radiation steriliza-

tion) of bacon and other cured meats. The radiation effects occur subse-

quent to ionization and free radical formation on energy absorption in

foods. Understanding the radiation chemical effects that take place in

foods while the spoilage bacteria are killed, is particularly important for

the chemiclearance approach for the approval of radiation processed foods.

The scope of the report, therefore, includes brief descriptions of (1) the

radiation chemical basis of the irradiation process, (2) curing of meats,

(3) meat spoilage, (4) role of nitrite, and (5) other alternatives to

nitrite, to put the radurization and radappertization processes in perspec-

tive. Some examples of fresh red meats have also been included for

comparison.

Though a large part of the relevant literature has been reviewed,

thoroughness is not claimed in referring to it. Effort has been made,

however, to adequately cover the key aspects.

Bacon is a particularly good candidate for radiation processing

for the following reasons:

(1) unirradiated bacon has a relatively short life even under

refrigeration;

(2) it can be thermally processed without destruction of its organo-

leptic properties, for radappertization;

(3) it will stand relatively high dose levels without significantly

affecting consumer acceptance;

(4) it is a relatively poor substrate for toxin production by

Clostridium botulinum;

(5) it has been a target for reduction of nitrite, and

(6) irradiation reduces its levels of preformed nitrosamines.

These points are further discussed in the review.
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2. CURED MEATS

2.1 WHAT ARE CURED MEATS

For centuries red meats have been preserved by heavy salting,

drying (heating), smoking, fermentation, freezing and canning. The term

curing refers to treatment by salting or by salting combined with smoking.

Salting has been used to preserve meat and fish in most civilizations for

more that 3000 years. In an excellent review on "the history and use of

nitrate and nitrite in the curing of meats", Binkerd and Kolari (1975) sug-

gested that the meat-curing practices prevalent in the saline deserts and

the costal regions used salts that contained nitrates as impurities. They

noted that saltpetre (or "nitre" (potassium nitrate)), or wall saltpetre

(calcium nitrate) from cave walls were used by ancient peoples for their

preservative quality. The earliest specific mention of the characteristic

pink color of cured meats did not appear until late Roman literature

(Binkerd and Kolari, 197 5). By the late 18th century the curing recipes

included saltpetre for promotion of the pink color and to enhance the flavor

of meats.

The first significant scientific investigations of curing began in

the 19th century. Polenske (1891) reported the presence of nitrite in cured

meats and pickling solutions used for curing. Lehmann (1899) and Kisskalt

(1899) independently reported that nitrite rather than nitrate conferred the

typical color to cured products. Subsequently, Haldane (1901), on the basis

of experiments with blood and hemoglobin, proposed that the reaction of

hemoglobin with nitric oxide derived from nitrite was the chemical basis for

the color of the cured meats. This reaction mechanism was confirmed in

uncooked cured meats and sausages by Hoagland (1908) and is consistent with

our understanding of the reaction mechanism.

Although many curing mixes contained nitrate, and possibly nitrite

as an impurity, it is not known when the nitrite itself was first deliber-

ately used in the curing salts. However, it must have been early in this

century, since Doran received a patent for the use of nitrite in curing in

1917.
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The contribution of nitrite to the antimicrobial effects of curing

salt mixtures was not recognized until the late 1920's. In 1951 Steinke and

Foster provided the first definitive evidence of sodium nitrite's antibotu-

llnal efficacy in a meat product when it Is added at levels commonly used by

commercial producers today.

In current practice the curing salts contain regulated amounts of

nitrite and nitrates, and vary in different countries as discussed later

under regulations (Appendix B).

2.2 METHODS OF PREPARING CURED MEATS

2.2.1 Salting

Distribution of salt in meats is accomplished by one of the fol-

lowing methods depending on the type of end product (Canadian Meat Council,

1981, 1982; Price et al., 1976; Terrell, 1981).

(1) Dry curing: By rubbing In the dry salt mixture. This is mainly

used for preparation of country ham and bacon, and some beef pro-

ducts.

(2) Wet curing: Brines were first used as cover pickles. Cuts of

meat are placed in a cover pickle until the pickle penetrates the

entire piece of meat. This process has severe limitations espe-

cially for the large pieces. Spoilage by microorganisms is a

prime problem due to slow brine penetration.

A process of arterial injection with curing mix has been used for

ham. This process uses the arteries of the ham for the distribution of the

cure. There are, however, problems with arterial injection. Specifically:

(1) the arterial system is not uniform, and

(2) after the injection, it is still necessary to hold the hams under

refrigeration for a minimum of 24 hours.

In addition, this process is time consuming and, therefore, not popular.



- 5 -

A more rapid procedure involves the injection of the cure mix in

the meat muscle using a needle that has several openings along its length.

This process is called stitch or spray pumping (Canadian Meat Council, 1982a

and b). Usually the injections are made at several sites, as close together

as possible. A holding period (hours, refrigerated) is required to facili-

tate the equilibration of the curing mix.

An outgrowth of this is the process of multiple needle injection,

which has become very popular (Canadian Meat Council, 1982a and b). This

process is quick and provides uniform distribution of the cure throughout

the product (like bacon bellies, ham etc.,) because it injects the cure at

hundreds of locations (Canadian Meat Council, 1982a and b; Langen, 1982).

Multiple needle injection machines have facilitated rapid, continuous pro-

cessing of meat cuts. Low pressure injection machines have replaced the

high pressure ones in order to reduce muscle tissue damage and loss of cure

retention. In order to overcome the problems of recirculation of curing

mix, injection needles have been designed to incorporate a valve-type mech-

anism that opens only on the downward stroke, and only when in contact with

meat. The valve is closed on contact with bone and when not in contact with

meat. Finally, independently balanced and functioning needles have permit-

ted cure injection to more closely follow the configuration of the meat

cuts.

In the case of bacon bellies, most big commercial operations use

the automated multiple injection machines to introduce the curing mix. The

curing mix for bacon typically contains water, sodium chloride, sugar, poly-

phosphate, ascorbate and sodium nitrite. Table 1 shows the method of adding

nitrite in different cured meats (National Academy of Sciences, 1982).

(3) Dry and Semidry Curing:

In processed meats like ground or chopped (comminuted) meats and

in sausage manufacturing, nitrite is generally added to cure salts

during mixing or blending of the meat (Table 1) to the appropriate

consistency. Very finely comminuted emulsions are used for a

large variety of skinless frankfurters, bologna, etc.
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TABLE 1

METHOD OF ADDING NITRITE IN DIFFERENT CURED MEATSa

Cure Administration Products

Multiple injection Bacon, ham and beef

Direct addition Sausages (dry, semidry and

Vienna), frankfurters,

bologna, meat loaves, liver

and luncheon meats.

(a) Data from American Meat Institute, 1980, and U.S. Department of

Agriculture, 1979b.

2.2.2 Tumbling and Massaging

More and more processors are incorporating a step of mechanical

tumbling or massaging after the wet curing of meats to ensure even better

distribution of the cure solution throughout the meat.

The tumbling process (Anonymous, 1978, 1981; Schmidt and Solomon,

1980; Schmidt, 1982; Ockerman and Organisciak, 1978) consists of a cylinder

which turns either end over end, or about its central axis. The latter type

is more gentle and, therefore, preferable. These tumblers can be operated

with or without vacuum and at variable speeds.

Massagers (Benton, 1982; Theno et al.t 1977; Krause et al., 1978)

have traditionally been square vats of stainless steel. In the center,

there are three to four horizontal paddles that turn at rates of 1 to

24 rpm. There are other machines, however, that have vertical paddles. The
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shaft that turns the paddles moves with the pieces of meat in such a manner

that the resulting friction accelerates the dispersion of the cure into the

meat. The objects of tumbling and massaging are: (1) to extract adequate

amounts of salt soluble proteins to facilitate the cohesion between parti-

cles or pieces of meat, (2) to increase tenderness, (3) to improve consis-

tency of cured meats, and (4) to maintain juiciness.

It is also claimed that the texture, flavor and aroma of cured

meats that have been tumbled or massaged are better than the meats cured by

traditional procedures.

2.2.3 Smoking

It has been known for a long time that meat exposed to smoke from

a fire had improved keeping qualities (Heid and Joslyn, 1967). Due to

refrigeration, the preservation of meat by smoking is no longer as impor-

tant. However, smoking is used to develop distinctive and desirable flavors

in certain foods such as meat, fish, poultry and cheese,although all cured

meats are not smoked. The chemical composition of wood smoke depends upon

factors such as the type of wood, the amount of air, the temperature and the

time. Hickory or other hardwoods (e.g. oak, birch, etc.) are the preferred

sources of smoke. Soft woods cause unpleasant flavors in foods, presumably

because soft woods emit more aromatic volatiles.

Hundreds of chemicals have been identified in the smoke condensate

(Heid and Joslyn, 1967). These chemicals include acids, alcohols, alde-

hydes, ketones, phenols, waxes, resins and tars (see Table 2). The acids,

carbonyls and phenols are the components that contribute most to the flavor

and odor of smoked foods.

Many of the chemicals found in smoke or on smoked foods normally

would not be allowed as food additives by the regulatory authorities. A

number of investigators have detected 3, 4-benzopyrene and 1, 2, 5, 6-

dibenzanthracene in wood smoke (Banwart, 1979). These polycyclic hydrocar-

bons are carcinogenic to laboratory animals. The smoked foods are not con-

sidered to be a health hazard, although a relatively high incidence of
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TABLE 2

COMPONENTS OF SMOKE FROM VARIOUS WOODS

(Relative Values)

Type
of

Wood

Alder

Aspen

Beech

Birch

Fir

Lime

Oak

Pine

Acids

4.3

9.6

4.0

4.0

6.8

6.0

5.2

12.3

Bases

2.8

4.1

4.0

3.9

3.8

3.1

1.6

4.1

Ketones
and

Aldehydes

3.4

5.2

2.7

2.3

0.2

4.8

1.8

0.1

Phenols

3.1

5.2

2.5

3.4

4.6

3.8

2.7

3.3

(a) Data taken from Held and Joslyn (1967)

carcinoma of the alimentary tract in populations In which smoked foods are

consumed in large quantities has been reported by Moodie (1970).

Polycyclic aromatic hydrocarbons have been detected (Malanoski,

1968) in many smoked foods at low levels (0.5 to 7.0 ng/g). Fretheim (1976)

reported benzopyrene at levels of 0.15 ng/g, as well as several other poly-

cyclic hydrocarbons in smoked sausages. These carcinogenic hydrocarbons are

derived from the llgnin in the wood and their production is minimized when

the combustion temperature is maintained below 35O°C (Fretheim, 1976).

Smoking of meat is popular because of the flavor produced. Using

liquid smoke is another means of developing a smoked flavor in meat. In

liquid smoke production, the smoke is condensed and then fractionally dis-

tilled and the selected fractions diluted with water. This results in a



- 9 -

product claimed to be essentially free of the water insoluble 3,4-benzopy-

rene. However, White et al. (1971) found concentrations of benzopyrene

ranging from 25 to 3800 ng/g in condensates that settled out of liquid smoke

flavors during storage.

Antimicrobial properties of acids, formaldehyde and phenols In

smoke have been well recognized and are regarded as being responsible for

much of the antibacterial action in smoked meats. Many vegetative bacteria

are killed by normal smoking (two to three hours) but most of the spores

are quite resistant to the smoke. The antimicrobial action depends on smoke

density, duration of smoking, temperature of the meat and the humidity.

Spoilage of smoked meat does occur, but is often due to contamination that

occurs after processing, with subsequent exposure to conditions that permit

microbial growth. Liquid smoke at 0.08% reduces but does not stop the

growth of bacteria. At a level of 0.1%, liquid smoke has a preservative

effect and gives a mild smoke flavor.

2.3 CATEGORIES OF CURED MEATS

Cured meat products can be divided into various categories on the

basis of whether they are heated or not, how they are cured, and their water

activity, as given below. The water activity (a ) of a food is an index of

the availability of water for chemical reactions and microbial growth

(Banwart, 1979).

(1) Raw, Cured Products with High Water Activity (>0.93): This cate-

gory includes the form of corned beef that is packaged raw in

pickling solution (Price and Schweigert, 1971). Some raw, cured

products, such as bacon, are subjected to some smoking and mild

heating (with Internal temperature of 58°C) during production

(Kramlich et al., 1973).

(2) Raw, Cured Products with Low Water Activity (<0.93): Products

which fall in this category, such as Scotch, prosciutto, country

ham, dry-cured bacon, and dried sausages, may be cold-smoked

during curing without appreciable heating (Kramlich et al., 1973;
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Nitrite Safety Council, 1980). Their water activity is low be-

cause of drying and salt addition. Many of the dried meats like

dry-cured bacon, dry-cured ham and many dried sausages depend on

relatively high salt content, and consequently low water activity,

for preservation at room temperature (Komarik et al., 1974).

(3) Cooked, Cured Products: This is by far the largest category of

meats made with added nitrite (Price and Schweigert, 1971). In

this process, besides reduction or elimination of microbes, many

enzymes are also inactivated. There are three sub-groups In this

category:

(i) Group 1:

Pasteurized products heated to an internal temperature of

65-75°C include bologna, frankfurters, ham, liver, meat

loaves, sausage, etc. Some meats are sliced and packaged

after pasteurization while others are pasteurized after being

packaged. Bacon is classified as a raw, cured product

because it is generally not heated to pasteurization tempera-

ture (to 58°C only) but with respect to its microbial pro-

file, it is very similar to pasteurized cured meats.

(ii) Group 2:

This includes canned luncheon meats, canned hams and shoul-

ders and prefried canned bacon (Cerveny 1980). They are

normally heated to an internal temperature of 95-112°C This

treatment is not sufficient to kill spores (C. botulinum,

etc.) but their outgrowth can be delayed by the presence of

nitrite. Many of these products also contain other ingredi-

ents, such as cereal and soy proteins.
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(lit) Group 3:

Some cooked products like corned beef hash, deviled ham, meat

spreads and Vienna sausages are defined as "commercially

sterile", i.e., free of microorganisms capable of growing

under normal nonrefrigerated storage conditions. They

receive thermal processing of at least 2.78 minutes at 121°C

(National Academy of Sciences, 1981 and 1982).

3. MEAT SPOILAGE

The spoilage of meats can be caused by meat enzymes (e.g. oxi-

dases, which will oxidize meat components in the presence of oxygen; per-

oxidases, which will oxidize meat in the presence of H 2O 2 and organic hydro-

peroxides; and proteolytic enzymes), nonenzymatic chemical changes (e.g.

autoxidation of lipids), and microbial action. The contribution of the

first two can be reduced drastically by exclusion of oxygen as well as by

control of temperature. However, from the attention paid to the control of

spoilage microorganisms (Ingram and Dainty, 1971; Giolitti et al., 1971;

Nicol et al., 1970; Dempster, 1972), one has to conclude that they are the

dominant cause of food spoilage, directly or indirectly. Whatever the means

of spoilage, it ultimately translates Into changes in appearance, texture,

color, odor, flavor, slime formation, formation of pockets of gas etc. Thus

it is important to recognize what type of microflora lead to food spoilage.

3.1 SPOILAGE MICROORGANISMS

Like us, microorganisms need food for energy, growth, maintenance

and reproduction. In nature, one important role of microorganisms is to

degrade non-living organic material. Unfortunately, the microorganisms

attack our food resources with equal vigor.

Both desirable and undesirable biochemical changes can be intro-

duced in stored foods by microorganisms. For example, microorganisms are
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used to change cabbage to sauerkraut, grape juice to wine, and alcohol to

vinegar. Under controlled conditions these reactions are desirable, but if

we want grape juice, then the formation of wine is undesirable. The

undesirable changes that occur in a food are determined by the composition

of the food (carbohydrate, fat, protein), the types and number of micro-

organisms associated with the food, the factors (intrinsic or extrinsic)

that influence the growth of microorganisms and the changes in these factors

that occur during processing and during deterioration (Banwart, 1979). The

active enzyme systems of the dominant microorganisms, as well as the natural

enzymes of the foods, determine the course of degradation of a food. Spoil-

age of food is associated with a large number of microorganisms. Therefore,

the organisms that cause spoilage are those that multiply rapidly in a given

environment and become dominant.

The microorganisms present in food include those associated with

raw material, harvesting, handling and processing, or those surviving a

preservation treatment and storage. The most common indications of meat

spoilage are: (i) off-odor and slime, usually due to growth of aerobic

bacteria on the surface of the meat; (ii) fungal growth which is favored at

water activities too low for bacterial growth; (iii) bone-taint or deep

spoilage, due to anaerobic or facultative microorganisms; and (iv) discolor-

ation, primarily due to alterations of myoglobin in the muscle pigment.

Table 3 shows the types of microflora that can lead to spoilage in

red meats (Banwart, 1979; National Academy of Sciences, 1982). It also

lists the spoilage characteristics associated with them.

The rate of food spoilage depends upon the numbers and types of

organisms initially present, the conditions of storage (temperature) and the

characteristics (e.g. pH, a ) of the meat. Spoilage and the factors in-

volved in its control have been reviewed by the International Commission on

Microbial Specifications for Foods (1980). Temperature of the meat is one

of the most important factors that determines the predominant microflora and

the resultant spoilage. Because a majority of the biochemical reactions

proceed, and the microorganisms grow efficiently, at ambient temperatures

(~20 to 25°C), fresh meats are stored at temperatures near 0°C At low
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TABLE 3

MICROBIAL SPOILAGE OF RED MEATS

MEAT STORAGE
CONDITIONS

INDICATOR
OF SPOILAGE

ORGANISM
RESPONSIBLE

Fresh refrigerated

(0° - 5°C)

Off-odor, slime

discoloration

Lipolysis, pungent

odor

Moldy

Whiskers

Black spot

White spot

Pseudomonas, Aeromonas

Alcaligenes, Acineto-

bacter. Microbacterium.

Proteus. Flavobacterium

Alteromonas. Saccharo-

myces

Pseudomonas, yeasts

Penicillium

Thamnidium

Cladosporium

Sporotrichuro

Fresh (15°C - 40°C) Bone taint

Gassy

Foul odor

Clostridium

_C. perfringens

C_. bifermentans,

C. histolyicum

C. sporogenes

Vacuum packaged Acid, sweet, rancid Lactobacillus ,

Microbacterium.

Enterobacter. Hafnia

(a) Data taken from Banwart, 1979.
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temperatures, spoilage on the moist meat surface is caused by Gram-negative

bacteria, primarily by species of Pseudomonas (see Table 3). Other species

listed in Table 3, Aeromonas, Alcaligenes, Acinetobacter, Flavobacterium,

Enterobacter, Microbacterium, Proteus and the unlisted Streptococcus,

Moraxella, etc. are occasionally found in the surface flora of spoiled

meats* The defects of the meat are off-odor, slime formation and discolora-

tion. If tasted, the flavor would be unacceptable to most people. The

important biochemical changes occur in the meat juices, which contain free

amino acids, nucleotides and peptides. These nutrients are sufficient for

microbial growth and the metabolism of these compounds leads to the forma-

tion of H2S (Nicol et al., 1970) and NH3, etc.

The water activity plays a role in spoilage (Banwart, 1979).

Fresh meats lose moisture if stored below 99% relative humidity (RH). Even

at RH of 99%, the growth of Pseudomonas is reduced. At an a of 0.96 or

less, most of the usual microorganisms causing spoilage of fresh meat are

inhibited. When the a of the surface of meat is lower than 0.96, the slow-
w

er growing fungi become evident. In this situation, Thamnidium chaetoclad-

ioides and J_. elegans (cause of "whiskers"), Cladosporium herbarum ("black

spot") and Sporotrichum carnis ("white spot") growth can produce moldy meat.

For the most part, the activity of molds is limited to the outer surface of

meat where aerobic conditions prevail. Mold growth on meat is not always

considered unsatisfactory. The growth of T. elegans on beef, for example,

tenderizes the meat and imparts a nutty flavor.

The type of atmosphere also influences spoilage. Fresh beef

stored in air has Pseudomonas as the dominant species. However, when vacuum

packaged, these organisms give way to Microbacterium thermosphactum

(Giolitti et al., 1971) and Enterobacteriaceae. Ultimately because of the

lack of oxygen and the release of C02 by meat tissue and microorganisms

(Sutherland et al. , 1975; Enfors et al., 1979; Blickstad and Molin, 1984;

Simard et al., 1984), Gram-positive organisms such as lactic acid producing

bacteria (Lactobacillus) predominate and eventually cause souring by acid

production (International Commission on Microbial Specifications for Foods,

1980).
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At temperatures in the range of 15° to 25°C, which can arise due

to slow meat chilling or due to abuse of the storage temperature, the raeso-

philic clostridia are the major spoilage organisms. At higher temperatures

(25° to 40°C) one of the less strict anaerobes, Clostridium perfringens, is

the first species to grow in large numbers (Ingram and Dainty, 1971). If

the temperature remains high (25°C to AO°C), gas production is noticeable at

cell levels of ~108/g, and the meat color changes from red through lilac to

gray. C_. perfringens is one of the gas-producing organisms. According to

Ingrain and Dainty (1971), at this stage there is no particularly obnoxious

smell, but the growth of C_. perfringens encourages the growth of the more

proteolytic clostridia, C. bifermentans, C. histolyticum and JC. sporogenes.

These organisms produce the odorous amines and sulfur compounds from amino

acids. At temperatures of 50°C or higher, thermophilic bacteria can grow.

Usually, thermophilic bacteria cause spoilage of heat-processed foods that

have been improperly handled during processing. However, these high temper-

atures may also prevail in a closed car parked in the sun on a hot day,

leading to spoilage by growth of the thermophilic bacteria.

3.2 PATHOGENS & PARASITES IN MEATS

3.2.1 Pathogens

As far as poultry and other meats are concerned, Salmonella is

presently one of the most important causal agent of food infections in most

countries. Data on the occurrence of salmonellosis in humans In various

countries show a significant increase during the last 30 years

(Kampelraacher, 1983). Most salmonellae strains contaminating food can be

irradicated with a radiation dose of less than 1 kGy (see Table 4).

In recent years camplyobacteriosis has been recognized as an emer-

ging diarrheal disease (Butzler and Skirrow, 1979; Genigeorgis, 1986).

Indications point to foods of animal origin, especially poultry, but others

like meat and milk products are also frequent sources of infection (Robinson

et al., 1979; Simmons and Gibbs, 1979; Walder, 1982).
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D VALUES FOR IRRADIATION

MICROORGANISM

SPORES
Clostridlum botulinum
Type A

Type B

Type E
Type F

C. sporogenes
C. perfringens
Bacillus cereus
B. stearothermophilus

VEGETATIVE CELLS
Escherichia coli
Pseudomonas
Salmonella typhimurium

Staphylococcus aureus

Micrococcus radiodurans

Vibrio parahaemolyticus

MOLDS
_A. flavus (conidia)

Pénicillium citrinum
(conidia)
(mycelium)

YEASTS
Saccharomyces cerevisiae
Trichosporon oryzae
Candida so.

TABLE 4

OF SOME MICROORGANISMS

SUSPENDING MEDIUM

Cured ham
Bacon
Cured ham
Pork loin
Chicken
Water
Water

Water
Water
Broth
Buffer
Buffer (anoxic)

Buffer
Buffer
Buffer (air)
Buffer (anoxic)
Dried bone meal
Buffer
Crab meat
Buffer
Raw beef
Buffer, pH 7.0

Water
Dry

Wet
Dry

Buffer
Buffer
Buffer

FOUND IN FOODSa

D VALUEb

(kGy)

2.1-2.3
2.1
1.6-1.7
2.8-3.3
3.7
0.8-1.6
2.5

1.6-2.2
1.2-3.4
2.5
2.5
4.2

0.09
0.05-0.5
0.2
0.6
0.9-1.0
0.2
0.4
1.9-3.0
3.5-6.0
0.05-0.14

0.38
0.5

0.18
0.55

0.36
1.2-1.6
0.32

continued • • .
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TABLE 4 (concluded)

MICROORGANISM

VIRUSES
Coxsackievirus B-2

Adenovirus 2
Adenovirus 3
Echovirus 18

SUSPENDING MEDIUM

Eagles medium
Water (-90°C)
Cooked beef (16°C)
Cooked beef (-90°C)
Eagles medium
Eagles medium
Eagles medium

D VALUE
(kGy)

4.4-6.9
5.3
7.0
8.1
4.1
4.9
4.4

TOXINS
Botulinum
Type E toxin
washed cells Buffer
cell extract Buffer
purified Buffer

Type A toxin
purified Buffer
purified Broth
purified Cheese

Staphylococcal
Enterotoxin B purified Buffer

Milk

17-21
2.1
0.4

0.5-2
40
60

27
97

(a) Data taken from: Anellis et al., 1965, 1967, 1969; Ito et al., 1974;
Kopelman et al., 1968; Miura et al., 1970; Niven, 1958; Read and
Bradshaw, 1967; Roberts, 1968; Sullivan et al., 1971, 1973. Also see
Ingram and Farkas, 1977 for a summary of 6 log reduction values of
some microorganisms'

(b) The D-value is defined as the amount of gamma radiation required to
reduce the number of colony forming units by 90%.
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Intoxication caused by the heat-stable toxin of many

Staphylococcus aureus strains plays an important role in certain parts of

the world, particularly on the North American continent and their incidence

in Europe and Japan seems to be increasing (Todd, 1978). Although the

enterotoxinogenic types of Staphylococcus aureus may have their origin in

foods of animal origin, contamination via humans seems to be of much more

importance (World Health Organization (WHO), 1977). j>_. aureus requires a

low dose of irradiation for its control (see Table 4).

Clostridium perfringens infections, which have occurred regularly

in Great Britain for many years, are also of increasing importance on the

North American continent (Vernon, 1977; Bryan, 1980). The organism can be

found frequently in feces of animals and hence in foods of animal origin,

especially in meat and meat products. Sufficient heating or reheating

(>70°C) of foods prevents human infections.

3.2.2 Parasites

Parasitic infections are still a widespread health problem in

humans and animals in many parts of the world. Meat and meat-products play

a major role as sources for these parasitic infections (e.g. trichinosis) in

man (WHO, 1979).

Trichinella spiralis, a nematode, may cause trichinosis in humans,

swine and other mammals. This parasite completes all stages of its life

cycle in one host, but infection is incurred by consuming viable encapsu-

lated larvae in the meat of an infected animal. Humans commonly become

infected by eating improperly cooked pork. Swine get infected by eating raw

or partially cooked garbage that contains infected meat scraps. When infec-

tive larvae are ingested, the cyst walls are dissolved in the hosts'

stomachs and the immature worms travel into the intestines, where they

mature and reproduce. The larvae released by adult female parasites in the

mucosa penetrate the intestines, enter the blood stream, and are transported

throughout the body. They penetrate the musculature of the body, where they

grow and become encysted.
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Freezing of carcasses is an effective way to prevent the parasitic

diseases, but cannot always be done, due to lack of technological facilities

and shortage of energy, in many countries.

3.2.3 Essentials of Control

For the control of these pathogenic organisms in meat and hence

the hazard of disease to humans, three lines of defence are available.

(1) Rearing food animals free from pathogens: on a large scale, applying

this approach is costly (Kampelmacher, 1983). Moreover, recontamination of

products processed after slaughter may nullify the effect of pathogen-free

rearing. (2) Decontamination of foods by pasteurization, as is done with

milk and dairy products: surface treatment of raw meat with steam and hot

water has been successfully used for some products at pilot plant scale

(Smith and Graham, 1978). Also, canning is a widely applied decontamination

procedure; but application is limited to foods which undergo acceptable

changes in consistency, color, flavor, etc. (3) Self protection by the

consumer by using proper cold storage and adequate heating before consump-

tion; however, numerous surveys show that this control has the worst record.

(4) Extensive research has shown that treatment with ionizing radiation at

doses up to ~5 kGy is sufficient to adequately reduce the number of viable

nonspore forming pathogenic microorganisms in foods. This is an attractive

decontamination method (FAO/IAEA/WHO, 1977). It has been demonstrated that

radiolytic processes are not to be considered a health hazard, because most

of the products formed in this process can also be found in non-irradiated

foods, as a result of other processing procedures (FAO/IAEA/WHO, 1977).
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4. ROLE OF NITRITE IN CURED MEATS

There are four known roles of nitrite in cured meats:

(1) inhibition of microorganisms,

(2) promotion and fixation of pink color,

(3) contribution to flavor of many cured meats (bacon is an excep-

tion), and

(4) inhibition of lipid peroxidation.

Although promotion of pink color and the antimicrobial activity

of nitrite were known in the late 19th century, evidence for the antibotu-

linal activity was only obtained in 1951 by Steinke and Foster. The role of

nitrite as an inhibitor of lipid peroxidation and its contribution to flavor

have only recently been investigated.

4.1 ANTIMICROBIAL ACTIVITY

Since meat curing has successfully eliminated or greatly reduced

many types of spoilage, there has been very little systematic work done on

the relative contributions to spoilage inhibition made by (1) the components

of curing salt (NaN02, NaN03, NaCl etc.), (2) the characteristics of the

product (e.g. pH, a ), and (3) the spoilage organisms In various types of

products. Although a large number of the spoilage microorganisms have been

identified, it is claimed that many of the microbial strains involved in

spoilage have not yet been satisfactorily categorized (International

Commission on Microbial Specifications for Foods, 1980). Table 5 shows the

microbial species that have been identified in different cured products and

the type of spoilage characteristics associated with them. The normal

source of the microflora in cured meats is the parent fresh red meat,

although there are some differences in spoilage patterns of fresh meats

(Table 3) and cured meats (Table 5).
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TABLE 5

MICROBIAL SPOILAGE OF CURED MEATSC

PRODUCT

CURED MEAT

INDICATOR
OF SPOILAGE

ORGANISM
RESPONSIBLE

Bacon

Vacuum packaged
bacon

Ham

Sausages

Fermented sausage

CANNED

Commercially sterile

Semi-preserved

Cheesy, sour, rancid
Discoloration
Slight souring

Mlcrococcus,
Molds,
Lactobacillus,
Micrococcus. Vibrio,
Alcaligenes,
Corynebacterium,
Clostridium sporogenes

Proteus inconstans,
Vibrio
Lactobacillus

Micrococcus. Microbacterium.
Yeasts, Clostridium.
Lactobacillus.
Streptococcus,
Leuconostoc,
Clostridium.
Molds

Putrefaction

Cabbage odor
Tainted
Slight souring

Surface slime

Gassy or puffy
Green discoloration

Bone and meat "sours*
Surface growth
(Dry-cured)

Slime on surface
Gas production
(vacuum packed)
Greenish discoloration Lactobacillus viridescens.

Leuconostoc

Micrococcus. yeasts,
Lactobacillus

Slime
Spots

Gas, putrefaction

Yeasts

Molds

Bacillus, Clostridium

Souring, discoloration Streptococcus,
Putrefaction, gas Bacillus. Clostridium

(a) Data taken from Banwart, 1979.
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The intrinsic factors of cured meats, such as pH, a and even more

importantly, the presence of inhibitors like NaNO2, influence the microbial

ecology of these products. The a of cured meats (0.88 to 0.95) is lower

than that of fresh meats (0.98 to 1.00) and the specific inhibiting effects

of the added salts most likely account for the differences in the spoilage

patterns of fresh and cured meats (Banwart, 1979).

4.1.1 Bacon

Some of the important types of organisms found in bacon (Table 5)

are Micrococcus, yeast, Vibrio, Acinetobacter, Alcaligenes, Arthrobacter (a

coryneform) and Corynebacterium (Gardner 1971). It is generally believed

that bacon in aerobic conditions is spoiled by micrococci. However, a sig-

nificant portion of the flora on the lean portion of the bacon is Gram-nega-

tive rods. As the pH of bacon decreases from 6.0 to 5.5, there is an in-

crease of yeasts in the flora during spoilage. Many molds, such as

Alternaria, Aspergillus, Mucor and Rhizopus can cause surface discolora-

tions.

Spoilage is not noticeable in bacon until the microbial count

reaches close to 108/g (Gardner, 1971). The off-odors of spoiled bacon have

been described as cheesy, putrid or sour by Dempster (1972), or as smoked

fish and rancid cheesy by Ingram and Dainty (1971). The rancid-cheesy

flavor is probably due to lipolysis of fat by micrococci.

Yeasts may appear in the flora of packaged bacon. They probably

assimilate nitrite and may be partially responsible for the loss of nitrite

in stored bacon (Banwart, 1979).

In vacuum-packaged bacon, some lactobacilli that survive the

smoking process (e.g. L.. plantarurn, P. cervislae) tend to grow at high

storage temperature (>10°C) (Gardner, 1982).
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4.1.2 Ham

The important type of spoilage in ham is "souring." This includes

various spoilage problems from mild degradation to extreme putrefaction.

Before the modern short-curing methods, clostridia caused bone sours prior

to the meat being chilled or cured. This is the same as the internal spoil-

age of fresh meat at warm temperatures. £. putrefaciens is psychrotrophic

(low temperature growing) and prominent in the spoilage of chilled ham.

Proteolytic, gassy or putrefactive souring is still encountered in country-

style dry-cured ham.

Modern commercial ham contains less salt in the cure, is smoked

more mildly, is more moist, and is vacuum packaged, in comparison to the

dry-cured ham. Slicing of cured ham during packaging is a source of con-

tamination and provides more cut surfaces on which microorganisms can grow.

Although the dry-salt cured hams suffer from mold growth on the surface, the

commercial hams allow the growth of micrococci, microbacteria, various lac-

tic acid bacteria and yeasts (Table 5).

Sour hams contain higher amounts of methyl raercaptan, fatty acids,

carbonyl compounds, free amino acids, ammonia and H2S than normal hams

(Giolitti et al., 1971). Arthrobacter species detected in spoiled hams

produce methyl mercaptan from sulfur-containing amino acids. Giolitti

et al. (1971) suggested that Micrococcus, Arthrobacter, Corynebacterium,

Lactobacillus, Pediococcus and yeasts might contribute to the souring of

hams and production of HjS. Fecal streptococci, which cause a green dis-

coloration and off-flavor, may be found in stored hams (Banwart, 1979).

4.1.3 Other Cured Meat Products

Comminuted and cured sausage products are subject to various types

of spoilage. They are mixtures of pork, beef, salt, sugar, sodium nitrite

and spices. Therefore, their flora is somewhat different than that of

either pork or beef.
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A surface slime of micrococci and yeasts can be produced when

sufficient moisture is present. As the surface dries, the bacterial growth

is inhibited and the mold growth can take over causing spoilage. When prod-

ucts such as luncheon meat are vacuum packaged, aerobic growth is inhibited

and the lactic acid producing bacteria become dominant. Facultatively anae-

robic yeasts may also grow as mentioned earlier in the case of bacon. The

lactic acid producing bacteria yield CO2 as well and can thus cause swelling

of the package, while the yeasts contribute to the production of a surface

s1ime.

A casing is used for bologna products and under some conditions

moisture accumulates at the meat-casing interface, allowing bacterial

growth. At this interface, micrococci can cause the formation of a slime

layer during the growth. During storage of these meats, microorganisms of

the genera Lactobacillus and Leucopostoc can also grow and cause souring

(Banwart, 1979). The bacterial production of organic acids and reducing

compounds can result in a fading of the pink color at the outer surface of

the product.

Insufficient heat treatment allows the survival of Streptococcus

faecium and other lactic acid bacteria that can cause souring. Green dis-

colorations, which may appear as rings, cores or on the surface, can also

occur in cured sausages. Lactobacillus viridescens can grow under reduced

oxygen tension and pH, and is the cause of greening of these sausages

(Banwart, 1979). Other Lactobacillus and Leuconostoc species may also be

present. The bacteria produce peroxides that react with the cured meat

pigment and cause the green discoloration.

Some comminuted sausages, such as Thuringer and Lebanon bologna,

are not only cured but are fermented by lactic acid bacteria to produce a

tangy flavor. Dependence upon the natural lactobacillus contaminants to

ferment them may cause spoilage, so a starter culture of homofermentative

lactic acid producing bacteria is normally used. The lower pH of these

fermented sausages helps to control some types of bacteria, but they are
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still susceptible to spoilage, similar to the cured sausages. They are also

susceptible to a surface slime due to yeasts, and discoloration due to

molds•

A.1.4 Canned Meat

Canned meats are subject to the same type of spoilage as other low

acid foods if heat-resistant spores survive the canning process. In semi-

preserved or pasteurized cured products, such as canned ham, the curing

salts and refrigeration are used to prevent spore germination and outgrowth.

If not adequately processed, thermoduric cells, such as Streptococcus

faecium, may survive and cause souring. This organism may also cause rapid

discoloration after the meat is removed from the can. If the spores of

clostridia are able to germinate, and the resultant cells grow, gas may be

formed along with extensive putrefaction in the cans.

4.1.5 Antibotulinal Activity

Clostridium botulinum species of bacteria are a major concern

since they are spore formers and produce neurotoxins. Spores are generally

more difficult to destroy than vegetative cells, since higher temperatures

(>100°C) are required for some spores. These organisms are widely distri-

buted in nature, occurring in soil and water throughout the world, although

the type of C_. botulinum that is prevalent depends upon the locality. The

factors that affect the occurrence of the different types of clostridia are

not known.

Since clostridia are widely distributed in nature, it is obvious

that foods get contaminated with them during production, harvesting and

processing. Fortunately, when present in fresh and cured red meats (Green-

berg et al. , 1966, 1967; Taclindo et al., 1967; Insalata et al., 1969;

Abrahamsson and Rieraann, 1971; Roberts and Smart, 1977; Hauschild and Hil-

sheimer, 1980; Tompkin, 1980), the spores are usually low in numbers (1

spore per 0.45-3.2 kg in products like bacon, cooked ham, frankfurters etc.)

and can germinate only if the microenvironments of the food are favourable.
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After germination a fair amount of time is needed for growth and the produc-

tion of toxin. The importance of initial spore load is that the probability

of initiation and growth is increased with increasing level of £. botulinum

(and other bacterial pathogens), even under adverse conditions (Genigeorgis,

1981).

The strains of C_. botulinum most commonly associated with red

meats are the proteolytic types A and B which grow at temperatures higher

than 10°C (Roberts et al., 1976; Robinson et al., 1982) and whose spores are

more heat (Banwart, 1979) and radiation resistant (see Table 4) than type E

more commonly found in fish. Although not common to red meats, a nonproteo-

lytic strain has recently been reported in cured meats (Lucke et al., 1982;

Simunovic et al., 1985). In general, spores of nonproteolytic strains are

more sensitive to heat (Lucke et al., 1982), ionizing radiation (Table 4 ) ,

salt and nitrite (Simunovic et al., 1985). However, they are able to grow

at lower temperatures (<10°C) (Abrahamsson et al., 1966; Lucke et al.,

1982).

Nitrite, in association with other components in the cure mix,

exerts a concentration-dependent antimicrobial effect in cured meats, in-

cluding inhibition of the outgrowth of spores of putrefactive and pathogenic

clostridia, such as Clostridium botulinum, when cured meats are abused at

elevated temperatures (Sofos et al., 1979, Tompkin et al., 1976) (Table 6 ) .

Thus, nitrite provides protection against the risk to health posed by botu-

lism. However, under conditions of excessive contamination or prolonged

temperature abuse, nitrite does not indefinitely prevent such outgrowth.

Spoilage or toxin production may ultimately occur.

Residual nitrite appears to be an important determinant of the

degree of protection provided by nitrite (Christiansen et al., 1978), al-

though contrary views have been expressed (Gibson et al., 1984). According

to the Committee on Nitrites (National Academy of Sciences, 1982), any pro-

duct or process change that results in a lower concentration of residual

nitrite (e.g., adding lass nitrite or increasing its rate of depletion) will

increase the likelihood of toxicity if the product is contaminated and

abused. However, Gibson et al. (1984) claim that it is the input nitrite
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THE EFFECT OF N I T R I T E ON SPOILAGE AND PATHOGENIC

PRODUCT

tAW CURED PRODUCTS

Ligh Water Activity

iacon

imoked ham

£>w Water Activity

>ry-cured cuts

fry, serai-dry
fermented sausage
(e.g. bologna,

salami)

JOCKED CURED MEATS

MICROORGANISMS I N

Recommended
Storage
Temperature

(°C)

<4.4

<4.4

0°C to
ambient

0°C to
anbient

Reduced or
Controlled
by Nitrite

Aerobic tesophiles
Corynebacteria

Clostridia
tecilli

Clostridia

CURED RED MEATS8

MICROORGANISM

SPOILAGE

Poorly or
not controlled
by Nitrite

Lactics
Micrococci

Psychrotrophs
Lactics
Micrococci

Maids
Yeasts

folds
Yeasts

PATHOGENIC

Reduced o r
Controlled
by Nitrite

C. botulinum

C. botulinun
Staphylococcic

ji . cereus

C. botulinum

C. botulinun
Staphylococci0

Poorly or
not controlled
by Nitrite

Staphylococci

Staphylococc i c

Salmonellae

Staphylococci c

Salraonellae

iausages

anned ham

<4.4 Psychrotrophs

<4.4 Clostridia and
other putrefactive
facultative anaerobes

Psjchrotrophs
Lactics
Yeasts

C. botulinum

Some clostridia C botulinun

leviled ham
(commarcially sterile) ambient

uricheon meats
(shelf stable)

anbient

Spore formers

Clostridia
Thermophiles

C. botulinun

C. botulinun

a) Data taken from rfetional Academy of Sciences (1982).
b) Psychrotrophs could include gram-negative bacteria, such as pseudomDnads

and coliforms, as veil as yeasts.
c) Nitrite has different effect on different species of this group.
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levels that are important for the antibotulinal activity rather than the

residual nitrite levels. It seems, therefore, that further work is neces-

sary, especially in the light of the effect of other factors, e.g., the

ascorbate/isoascorbate debate (Krol and Tinbergen, 1974; Tinbergen and

Krol, 1977; Tompkin et al., 1978a,b,c; Tompkin, 1983; Roberts et al.,

1971, 1981a,b,c; Robinson et al., 1982; Gibson et al., 1984) as to the

extent of their relative influence on antibotulinal activity.

All these factors may have a combined (but not additive or syner-

gistic) effect and alteration in any one factor has to be considered in

relation to the overall change in response (Roberts et al., 1979, 1981a,b;

Tompkin et al., 1978a, and Tompkin, 1983). It appears, therefore, that if

we knew the actual mechanism of action of nitrite on C. botulinum, we may

be able to come to grips with the question of the optimum levels of nitrite

required in cured meats. However, the mechanism of action of nitrite is

poorly understood (Roberts and Gibson, 1986), as indicated by the Committee

on Nitrites (National Academy of Sciences, 1982) in its summary statement,

as follows:

"Nitrite apparently attacks a number of targets in different

bacterial species, and interference with the action of iron-

containing enzymes may be a feature common to these inhibiting

effects. It remains to be determined whether these effects are

the primary mechanisms of action in complex meat systems and

whether they are the mechanisms inhibiting clostridial spore

outgrowth. Knowledge of the precise mechanism(s) of action of

nitrite against vegetative cells and spore outgrowth in meat

would facilitate the search for alternatives."

A summary of the differences of the effects of nitrite on spoilage

and pathogenic microorganisms in cured meats is given in Table 6.

4.1.6 Effects on Other Pathogens

Depending on a number of factors, such as the nitrite concentra-

tion, environmental conditions and the type of food, nitrite may also con-

tribute to the control of pathogens other than C. botulinum, e.g.,
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Staphylococcus aureus, Bacillus cereus, and C. perfringens. However,

nitrite is not regarded as a key factor in their control (Table 6).

4.2 PROMOTION AND FIXATION OF THE PINK COLOR

Much of the purplish-red color of fresh meats is due to myoglobin

(Fox, 1966; Clydesdale and Francis, 1971; Govindrajan, 1973; Giddings, 1974,

1977a) which is composed of a protein (globin) moiety and a prosthetic

group, heme. The heme is an iron protoporhyrin, similar to the prosthetic

group in hemoglobin, and is the site of reversible combination with molecu-

lar oxygen. Myoglobin readily undergoes a change of oxidation state of the

iron in the heme, from ferrous to ferric. Figure 1 shows the dynamic equil-

ibrium between the various forms of myoglobin and shows how the color of a

meat depends on the oxidation state of the heme iron in the pigment and on

the type of functional group on its sixth ligand (Fox, 1966). The color of

the raw or fresh muscle tissue, such as beef or pork, is due to purplish-red

pigment, myoglobin, which changes to bright red pigment on combining with

oxygen (oxymyoglobin) (Figure 1). The ferrous form of oxymyoglobin gets

oxidized to ferric form to produce the brown color, similar to the color one

gets on cooking of meat. In spoiled meats, the top layer is usually raetmyo-

globin (gray) followed by layers of oxymyo- (bright red) and myo- (purplish-

red) globins.

In the presence of nitrite, a nitric oxide-myoglobin complex is

formed, which on heating (or smoking) gives a dinitrosyl ferro-hemochrome

(DNFH), (Tarladgis, 1962a and b). During heating the globin portion of the

nitric oxide-myoglobin complex (see Figure 1) is denatured and detached.

This then allows the addition of the second nitric oxide molecule on the

iron atom of the iron-porphyrin ring, as confirmed by the use of 15N

labelled nitrite (Lee and Cassens, 1976; Renerre and Rougie, 1979). This

DNFH pigment has been recently synthesized by Shahidi et al. (1984 and

1985). This pigment can be used to give the characteristic color to bacon

without the addition of nitrite.
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0XYMY0GL0GIN
(Fe+2)

Bright Red

MYOGLOBIN
(Fe+2)

Purplish Red

NITRIC OXIDE
MYOGLOBIN

(Fe+2)
Red

Oxidation
(nitrite)

Reduction

Heat

METMYOGLOBIN
(Fe+3)

\
Brown \

\
-V

FURTHER
OXIDIZED FORMS

(Protein
Denaturation)

NITROSYL
HEMOCHROME

(Fe+2)

Pink

FIGURE 1: Dynamic Equilibrium Between the Various Forms of Myoglobin

A number of factors influence the rate and the extent of formation

of nitric oxide-myoglobin complex. These include ascorbate, nitiite

concentration, exclusion of oxygen during formulation, smoking temperature,

and the presence of salts and metal ions (Watts and Lehmann, 1952; Weiss et

al. 1953; Siedler and Schweigert, 1959; Giddey, 1966; Fox et al. 1967; Reith

and Szakaly, 1967a,b; Acton et al., 1979; Renerre and Rougie, 1979).

However, once the complex is formed, it is very stable in the absence of

oxygen (Giddings, 1977a,b). For color retention, much smaller concentra-

tions of nitrite are required than the concentrations currently in use for

preservation of cured meats.
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4.3 CONTRIBUTION TO FLAVOR

Nitrite has been found to contribute to flavor in some cured meat

products, while for others it makes no contribution to the characteristic

flavor. Cured-meat flavor is most likely produced by volatile compounds and

is probably a composite sensation of smell and taste derived from the

contributions of many odoriferous compounds. A positive contribution by

nitrite to flavor has not yet been specified in chemical terms, since the

perception of flavor involves the interaction of (i) smell, which is such a

complex array of qualities that there is not even a universally accepted

classification scheme (Cain, 1978), and (ii) taste, which senses sweetness,

saltiness, sourness and bitterness. However, nitrite undoubtedly influences

the flavor of cured meats by virtue of its antioxidant effects on lipid

peroxidation (see next section).

Bacon: Sensory evaluations have determined that bacon can be prepared

with an acceptable flavor without nitrite (Huhtanen et al., 1981; Wasserman

et al., 1977; Williams and Greene, 1979). According to Kimoto et al. (1976)

and MacDougall et al. (1975), sodium chloride Is more important than nitrite

to the flavor of bacon. They showed that sodium chloride-free and nitrite-

free bacon had almost no bacon flavor but the salted, nitrite-free bacon

did.

Ham; Nitrite does make a contribution to cured flavor in hams.

MacDonald et al. (1980) cured hams with nitrite levels of 50, 200 and

500 mg/kg. The lowest nitrite level, 50 mg/kg, was sufficient to produce a

significant Increase In cured meat flavor when compared to samples contain-

ing only salt.

Frankfurters; Simon et al. (1973) found that all-beef frankfurters with no

nitrite or with various concentrations of nitrite were Judged to have equiv-

alent flavor quality, whereas that of half-pork, half-beef frankfurters

varied directly with nitrite content.
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4.4 INHIBITION OF LIPID PEROXIDATION BY NITRITE

Lipld peroxidation in muscle foods is one of the major degradative

processes responsible for losses of quality (Pearson et al., 1983). It

leads to the formation of "stale" or warmed-over flavors (WOF), destruction

of essential fatty acids and of some of the fat soluble vitamins (e.g.

Vitamin E), and the formation of undesirable brown pigments in cooked meats

(Igene et al., 1979). These effects are brought about by peroxy radicals

and by the hydroperoxides formed during lipid peroxidation (Pryor et al.,

1976).

Several studies have shown that the presence of nitrite inhibits

lipid peroxidation and the accompanying WOF (Younathan and Watts, 1959; Sato

and Hagerty, 1971; Hadden et al., 1975; MacDonald et al., 1980; National

Academy of Sciences, 1982). For example, Fooladi et al. (1979) evaluated

samples of cooked beef and pork prepared with and without sodium nitrite

(156 mg/kg) by thiobarbituric acid test (TBA) and sensory-panel scores. In

the nitrite-containing samples, the TBA values were lower by a factor of two

in beef and by a factor of five In pork. The sensory-panel scores were also

better for the samples containing nitrite.

The mechanism of the protective action of nitrite is not well

understood. It may interact with the lipid components of meat or may bind

to the natural pro-oxidants, such as the none-heme iron present in meats

(Sato and Hagerty, 1971). However, another more likely mechanism does not

seem to have been put forward, so far. Under mildly acidic conditions, the

action of nitrite takes place through the formation of nitrous anhydride

(dinitrogen trioxide), N2O3 (Challis and Butler, 1968), which dissociates

into nitric oxide and nitrogen dioxide:

-•

2 HNO2 <- H2O + ON-NO2 (1)

ON-NO2 «- 'NO + »N02 (2)
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Both *N0 and *N02 are free radicals and are very good free radical scaven-

gers (Pryor, 1976). Thus both of these would scavenge peroxy radicals

(which are the chain carriers of lipid peroxidation) and thereby reduce the

extent of lipid oxidation.

RO2 + «N0 ->• RO2NO (3)

R02 + «N02 •»• RO2NO2 (4)

4.5 MECHANISM OF ACTION OF NITRITE

Despite a great deal of work on reactions of nitrite with meats,

their mechanism Is not clear. It is obvious that nitrite reacts with many

food components (Sebranek et al., 1973). The percentages of nitrite

recovered in a given portion or fraction of meat shortly after processing

have been reported to be as follows: with myoglobin, 5 to 15%; as nitrite,

5 to 20%; as nitrate, 1 to 10%; as gas, 1 to 5%; with sulfhydryl groups,

5 to 15%; with lipid, 1 to 5%; and with nonheme protein, 20 to 30% (Cassens

et al., 1977; Goutefongea et al., 1977; Woolford and Cassens, 1977;

Woolford et al., 1976; Sebranek et al., 1973; Sebranek, 1979). It is not

known whether these percentages change with the time after processing.

Because of its reactivity with meat components, only about 50% or

less of the added nitrite is detectable as residual nitrite Immediately

after processing. The residual nitrite undergoes further depletion, during

storage of the product. The depletion of nitrite occurs even when the meat

samples are stored in evacuated packages. At least part of the depletion

must therefore be through enzymatic reactions (Dixon and Webb, 1965;

Sebranek et al., 1973).

4.5.1 Formation of Nitrosamlnes in Model Systems

Nitrosamlne formation from nitrite is a key concern about its

continued use in cured meats since many of the nitrosamines have been shown

to be carcinogenic. Nitrosamlnes are formed from a reaction between amines

and nitrous acid (Gray and Randall, 1979). Many N-nitrosamines have been
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identified in various foods including cured meats, beer, dried malt and

non-fat dried milk (Gray and Randall, 1979). The formation of N-nitroso

compounds in foods has been studied by several workers using model systems

(Mirvish, 1971; Gray and Randall, 1979; Kakuda and Gray, 1980).

The kinetics of N-nitrosamine formation in vitro (Mirvish, 1970;

1975) has shown that in moderately acidic media the reaction rate is direct-

ly proportional to (i) the concentration of the free araine (non-

protonated), and to (ii) the square of the concentration of the undissocia-

ted nitrous acid. Thus, the probability of formation of nitrosamines with

150 mg/kg of nitrite would be about half of that with 200 mg/kg of nitrite.

It is, therefore, not surprising that the amount of nitrite permitted in

bacon has received considerable attention, and has been reduced in many

countries (see Appendix B).

It is well known (Mirvish, 1975) that for nitrosation to occur,

nitrite must first be converted to nitrous acid (HNO2, pKa 3.36), Indicating

that the reaction Is catalyzed by acid. The actual nitrosating species can

be one or more of the following, depending on the reaction conditions:

nitrous anhydride or dinitrogen trioxide, (N2O3), nitrous acidium ion

(H2N02+)» free nitrosonium ion (NO*-), nitrosyl hallde (NOX) or nitrosyl

thiocyanate (NOCNS) (Mirvish, 1970). The formation of these species from

the nitrite ion in aqueous solution are shown in Figure 2 (Mirvish, 1970).

Mirvish (1975) reported that because It is the free amine and not

the protonated amine that is nitrosated, both pH and amine basicity may

affect N-nitrosaraine formation. Data indicate that there is an inverse

relationship between the basicity of amines and the ease of nitrosation

(Sander and Swhweinsberg, 1972); the lower the basicity of a secondary

amine, the easier it is to achieve nitrosation in an acid environment.

According to Sander and Swhweinsberg (1972) a higher proportion of the

nitrite is converted to the nitrosating agent, nitrous anhydride, with

increasing acid concentrations. Salt formation by the secondary amines is

also enhanced by increasing acid concentrations. There is an optimal pH

value for the nitrosation of secondary amines (about pH 3). Thus, the low

pH in the alimentary tract of humans Is conducive to nitrosamine formation.
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FIGURE 2: Reactions and Equilibrium Equations for the Nitrite Ion in
Aqueous Solution (Mirvish, 1971).

4.5.2 Formation of Nitrosamines in Foods

4.5.2.1 Cured Meat Systems

The occurrence of N-nitrosamines in various foodstuffs has been

studied extensively (Scanlan, 1975; Havery et al., 1978; the International

Agency for Research on Cancer, 1978; Preussmann et al., 1979; Kawabata et

al. , 1979; Schmahl, 1980 and Gray, 1981). Except in a few cases, only low

levels of N-nitrosamlnes have been found in a small percentage of the

samples tested. The main contributors of N-nitrosamines in our diet are

cooked bacon, nitrate or nitrite-treated smoked fish and certain types of

salted and dried fish. The major N-nitrosamines detected in these foods are

N-nitrosodiethylamine (NDEA), N-nitrosodimethylamine (NDMA), N-nitroso-

piperidine (NPIP) and N-nitrosopyrrolidine (NPYR).
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4.5-2.2 Bacon

This is an item of major importance in the formation of N-nitrosa-

mines. N-nitrosopyrrolidine (NPYR), and to a lesser extent NDMA, have been

isolated from cooked bacon (Pensabene et al., 1980), although NPYR is not

always detected in raw bacon. During frying, a substantial portion of these

compounds volatilize. In addition to the mode of cooking, the moisture

content and the ratio of lean to fatty tissue also influences the nitrosa-

mine formed.

Gray et al. (1978) reported that the choline-containing compounds

and sarcosine produced measureable quantities of NDMA under conditions norm-

ally encountered in the pan frying of bacon. Values of dimethylamine (which

is the precursor of NDMA) below 200 (ig/kg have been reported in vacuum-

packaged bacon (Patterson and Mottram, 1974).

Much progress has recently been made in decreasing the formation

of N-nitrosamines in bacon, by using reduced levels of nitrite and increased

levels of the nitrosation inhibitor, sodium ascorbate, in the bacon curing

mixture (Greenberg, 1976; Sen et al., 1977; Havery et al., 1976, 1978).

4.5.2.3 Mechanism of NPYR Formation in Bacon

The occurrence of NPYR in fried bacon and cook-out fat has led to

a search for both the precursors and mechanisms that could account for its

formation. Free proline is generally regarded as the most probable precur-

sor of NPYR (Huxel et al., 1974; Bharucha et al., 1979; Gray and Randall,

1979), although a number of other compounds such as collagen, putrescine,

spermidine, pyrrolidine (PYR) and glycyl-L-glycine have also been implicated

(Gray, 1976). Free proline is present in pork bellies in the concentration

range of 20 to 80 mg/kg (Lakritz et al., 1976; Nakamura et al., 1976; Gray

and Collins, 1977a; Bharucha et al., 1979) which may increase after process-

ing due to the decomposition of collagen (Spinelli-Gugger et al., 1980).
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Two pathways for the mechanism of NPYR formation from proline have

been proposed (Figure 3). One involves the initial nitrosation of proline,

followed by decarboxylation. The other proposes that proline is first

decarboxylated to PYR, followed by N-nitrosation to NPYR (Figure 3). The

pathway involving the intermediacy of N-nitrosoproline appears to be the

more likely route (Bharucha et al., 1979; Lee et al., 1983).

PROLINE N-NITROSO-
PYRROLIDINE

PYRROLIDINE
" DEAMINATION

CYCLIZATION

PUTRESCINE

FIGURE 3: Two Possible Pathways for N-Nitrosopyrrolidine Formation in Bacon
(Data taken from Gray, 1976)
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The mechanism of NPYR formation was also studied by Coleman (1978)

who proposed the intermediary of a free radical in the formation of NPYR

based on the requirement of high temperature, inhibitory effects of water

and antioxidants, and the catalytic effect of lipid hydroperoxides.

Bharucha et al. (1979) also suggested a role for free radicals. Since both

NPYR and NDMA increase substantially towards the end of the frying process,

N-nitrosamine formation during frying of bacon occurs essentially, if not

entirely, in the fat phase after the bulk of the water gets removed.

Bharucha et al. (1979) postulated that during the frying of bacon, nitrous

acid is converted into N2O3 (Mirvish, 1975) by the continuous removal of

water, which in turn undergoes dissociation at higher temperatures (>100°C)

to .NO and .NO,. The .NO, radical can then abstract the amino hydrogen atom

from proline to give a radical that combines with the *N0 to give

N-nitrosoproline (Figure 4).

4.5.2.4 Factors Influencing NPYR Formation

The factors which influence the formation of NPYR in cooked bacon

(Gray 1976; Gray and Randall, 1979; Sen and Donaldson, 1974; Sen, 1980)

include the method of cooking, frying temperature and time, ascorbate con-

centration, nitrite concentration, presence of fat soluble inhibitors and

conditions of smoking.

Pan frying results in greater NPYR formation than other cooking

methods, such as microwave cooking (Herring, 1973; Pensabene et al., 1974)

and grilling (Bharucha et al., 1979). The reduced levels of N-nitrosamines

found in grilled bacon are probably due to the cook-out fat being somewhat

removed from the high heat area; the bacon slices never reach the higher

temperatures that are reached during pan frying. The level of NPYR in

cooked bacon is clearly influenced by both the frying temperature and frying

time, e.g. Pensabene et al. (1974) showed that bacon samples from one belly

formed no NPYR when fried at 99°C for 105 minutes, while samples taken from

the same belly when fried to the same extent at 204°C for 4 minutes con-

tained 17 ug/kg of NPYR. In another study Bharucha et al. (1979) found that

the maximum amount of N-nitrosamine was produced when the bacon was fried at



- 39 -

2 HNO2

N2°3 —** 'N 0 + "N0

I
H

PROLINE

2

•N02—•HNOg + C^COOH

(, V-^>COOH -NO — ^ ( , V-COOH

I

DECARBOXYLATION

9
N=O

N-NITROSO-PYRROLIDINE
(NPYR)

FIGURE 4: Free Radical Mechanism of N-Nitrosopyrrolidine Formation in Bacon
(Bharucha et al., 1979).
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360°C for 12 minutes, after starting with a cold frying pan. Minimal levels

of N-nitrosamines were found in the cook-out fat up to 4 minutes of bacon

frying; however, the N-nitrosamine level increased sharply after that and

reached a maximum at approximately 12 minutes and then began to decline.

The initial low levels of N-nitrosamines may be due to either or both of the

following reasons: (a) the N-nitrosamines are actually formed at about

100°C, but being steam volatile, were removed with the water vapor; or (b)

the nitrosation reaction occurs at temperatures greater than 100°C, after

the major portion of the water gets removed.

4.5.2.5 Cured Meats Other Than Bacon

Many cured meats have been examined for volatile N-nitrosamines.

Occasional high levels (as high as 25 mg/kg) of NDMA, NPYR, and NPIP in

corned beef, luncheon meat, smoked beef, frankfurters, pork, continental

sausages and salami have been reported (Sen et al., 1973; Sen and McKinley,

1974). The sporadic occurrence of these nitrosamines was explained by Sen

et al. (1973); Sen and McKinley (1974) who attributed the phenomenon to the

use of curing premixes which contained both sodium nitrate and nitrite as

well as spices. This explanation was later supported by other workers

(Gough and Goodhead, 1975; Havery et al., 1976); components of black pepper

and paprika can react with nitrite to form NPIP and NPYR, respectively. The

regulations have since been changed and they now require that the curing

agents and spices be packaged separately. This procedure has resulted in

marked decreases in the levels of nitrosamines observed in various cured

meat products (Sen and McKinley, 1974; Gough et al., 1977; Nitrite Safety

Council, 1980). Several surveys on the presence of N-nitrosamines in cured

meats other than bacon have recently been published (Nitrite Safety Council,

1980).

Pensabene et al. (1980) reported on the effect of storage of pork

bellies on NPYR formation in fried bacon. Bacon made from fresh bellies

produced less NPYR than that from bellies that had been stored refrigerated

for one week or frozen for 3 months. The higher levels of NPYR are attribu-

ted to the increases in amines and aroino acids that occur during storage

(Pensabene et al., 1980; Amundson et al., 1982). Several studies have
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shown that the free proline content In whole and lean tissue of green pork

bellies increases approximately 50% after storage at 2°C for 1 week; the

free proline content in the fatty tissue increases approximately 90% over

the same period (Lakritz et al., 1976; Gray and Collins, 1977b).

Bharucha et al. (1980) reported that the unsmoked bacon tended to

contain higher N-nitrosamine levels, which are attributable to their higher

nitrite content at the time of frying (smoking of bacon is known to reduce

nitrite levels but also forms nitrosamines). Sink and Hsu (1977) observed a

reduction in residual nitrite levels in frankfurters that had been dipped in

liquid smoke; this was attributed to be due to a lowering of the pH.

4.6 ARE NITRITES REALLY A PROBLEM?

On the one hand, nitrites protect against botulism and help meats

retain their color and flavor; on the other, they contribute to the forma-

tion of nitrosamines which are carcinogenic. The following is a brief

attempt to put the relevant factors in perspective in regard to the question

- should nitrites be reduced or eliminated?

The major sources of nitrate and nitrite for humans are food and

water. Nitrate constitutes the primary source of nitrogen in green plants

and occurs in high but variable concentrations (up to 3 g/kg) in many vege-

tables, including cabbage, carrots, cauliflower and spinach. (Ashton, 1970;

White, 1975; Maynard et al., 1976, Lin and Lue, 1979; Lin and Yen, 1980).

Nitrates are also present in water, especially rural well waters (Comly,

1945; Burden, 1961), baked goods, cereals, fruits and fruit juices, milk

and other dairy products (White, 1975, 1976). Tannenbaum et al. (1974)

reported that nitrite is a normal constituent of human saliva, formed on the

reduction of nitrate by microorganisms normally present in the mouth; the

level of nitrate in saliva in humans is fairly constant and averages about

6-10 mg/day.

Oxides of nitrogen are present in polluted air (in the ambient

atmosphere, in indoor environments, and in the work place) and in tobacco



- 42 -

smoke (World Health Organization, 1978; Ehrenberg et al., 1980; Erlandsson,

1981). They are generated by the microbial and chemical reduction of

nitrite and nitrate salts and are common environmental pollutants produced

by combustion. Four of the oxides have been implicated in the formation of

N-nitroso compounds: nitrogen dioxide, dinitrogen tetroxide, dinitrogen

trioxide and nitric oxide (Challis et al., 1978; National Academy of

Sciences, 1981). The formation of N-nitrosamines from these oxides of

nitrogen appears to be more efficient than from aqueous nitrous acid

(Challis and Kyrtopoulos, 1979).

Inhaled nitrogen oxides could play an important role in the expo-

sure of humans to nitrate and nitrite (Ehrenberg et al., 1980; Erlandsson,

1981, Parks et al., 1981). Oda et al. (1981) found that inhalation of

nitrogen dioxide by rats led to the presence of large amounts of nitrate and

nitrite in their blood. Pryor and Lightsey (1981) found that nitrogen

dioxide reacts with unsaturated lipids to produce nitrite and that the reac-

tion could also occur jLn vivo. However, estimation of the human exposure to

nitrate originating from nitrogen oxides is difficult since firm data on the

actual conversion of nitrogen oxides to nitrate in humans are not available.

A summary of the various figures used for the average concentra-

tion of nitrate, nitrite and nitrogen oxide are given in Table 7, which

leads to the following considerations:

(1) Vegetables: While these are a large source of nitrates which can

give a fair amount of nitrites, nitrosamine formation from them

should be strongly inhibited due to the presence of ascorbate in

vegetables (Kelly and Latzko, 1980; Diem and Lentner, 1970;

Pennington and Church, 1980).

(2) Baked goods and cereals: The conversion of nitrates to nitrites

in these would depend on the quantity consumed and whether ascor-

bate or ascorbate containing foods are consumed with them.



- 43 -

TABLE 7

AVERAGE CONCENTRATIONS OF NITRATE, NITRITE, AND NITROGEN

OXIDES USED TO ESTIMATE HUMAN EXPOSURE3

Sources Nitrate Nitrite Nitrogen Oxides

Cured meats

Fresh meats

Vegetables

Fruits

Baked goods

and cereals

Milk and

dairy products

Water

Saliva

Ambient atmosphere

Tobacco smoke

40 mg/kg

10 mg/kg

86 mg/kg

20 mg/kg

12 mg/kg

0.5 tng/L

1.3 mg/L

10 mg/kg

1 nig/kg

0.2 mg/kg

negligible

2.4 mg/kg

negligible

negligible

6-10 mg/d

0.1 ng/m3

513 ng/cigarette

(a) Adapted from the National Academy of Sciences report (1981).

(3) Fruits: Since they contain no nitrites, low levels of nitrates

and lots of ascorbate, they should not be a source of nitro-

samines. In fact, their ingestion with other nitrite-containing

foods should have a protective effect.

(4) Saliva: The nitrate/nitrite content of saliva would largely

depend on foods ingested. Ascorbate ingestion as part of foods,

or in addition, should have a protective effect.
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(5) Fresh meats: These should be, at worst, a minor source of

nitrosaraines - provided the cooking method (e.g., barbequing) does

not introduce nitrosamines in them.

(6) Cured meats: These remain the single largest source of nitrite in

foods, where nitrite is intentionally added. Nitrite can certain-

ly be reduced in these (e.g., in combination with irradiation), if

not totally eliminated. Nitrosamine formation can again be

reduced by simultaneous ingestion of ascorbate. However, there is

another problem with nitrites in cured meats; they are the pre-

cursors of the preformed nitrosamines.

In conclusion, it appears that one has to weigh the risks of botu-

lism against the carcinogenicity of nitrosaraines in cured meats. The solu-

tion may be the use of low levels of nitrite (20 to 40 mg/kg) in combination

with irradiation in cured meats. This option will be discussed in

Section 5.

4.7 TOXICOLOGY AND EFFECT OF NITROSAMINES ON HUMAN HEALTH

The toxicological and human health implications of N-nitroso com-

pounds have been addressed by many workers (Scanlan, 1975; Crosby and

Sawyer, 1976; Gray and Randall, 1979; Sen, 1980). Most N-nitroso compounds

including N-nitrosamines constitute a more important group of known chemical

carcinogens. Most N-nitrosamines have been shown to initiate tumors in

animal species tested (Wishnok, 1979). For example, N-nitrosodimethylamine

(NDMA) is carcinogenic in six and N-nitrosoHiethylamine (NDEA) In about

twenty animal species, including some primates (Magee et al., 1976; Sen,

1980). The most sensitive animal species appears to be the mink (Koppang

and Riraeslatten, 1976). The simplest and the most widely occurring

N-nitrosamine in foods, NOMA, causes mostly liver tumors and, occasionally

kidney tumors. Methylbenzylnitrosamine and N-nitroso-n-butyl-

(4-hydroxybutyl) amine cause cancer of the bladder and esophagus, respec-

tively (Druckrey et al., 1969; Magee et al., 1976). NPYR, which occurs

most commonly in bacon, produces hepatocellular tumors in rats (Preussmann

et al., 1976; Cottrell et al., 1979; Hecker et al., 1979).
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N-nitrosamines are considered to be indirect-acting carcinogens

and therefore require metabolic activation for their carcinogenicity

(Lijinsky, 1977). N-nitrosodialkylamines, such as NDMA and NDEA, are highly

carcinogenic, whereas N-nitrosamines with fewer hydrogens at the a-carbon

(e.g., N-nitrosodiethanolamine, N-nitrososarcosine) generally have lower

carcinogenicity. The cc-position of N-nitrosamines has been shown to be

associated with their carcinogenicity (Wishnok, 1979). The ultimate toxic

and carcinogenic species resulting from the metabolism of N-nitrosamines

subsequent to metabolic activation are electrophiles, which are capable of

covalently bonding with cellular macromolecules (DNA, RNA, and proteins)

(Pegg, 1977).

4.8 ALTERNATIVES TO THE CONVENTIONAL NITRITE TREATMENT

Since the recognition that nitrosamines can be formed from

nitrite-treated meats, many workers have looked for safer alternatives to

the conventional nitrite treatment (Sebranek, 1979; Sofos and Busta, 1980;

National Academy of Sciences, 1982; Roberts and Gibson, 1986). A brief

summary of the status of the leading candidates, other than irradiation

which is discussed later, is given below.

A.8.1 Ascorbates and Tocopherol

Ascorbate (Vitamin C) is now used in cured meats, along with

nitrite, due to its inhibitory action on nitrosamine formation and its

ability to accelerate the curing action (National Academy of Sciences, 1982;

Sofos and Busta, 1980). Its sterioisomer, isoascorbate (also called

erythorbate), is equally effective and is also widely used. Some workers

suggest that ascorbates also enhance the antibotulinal action of nitrite

(Johnston and Loynes, 1971; Ashworth and Spencer, 1972; Roberts and Gibson,

1986). The U.S. and Canadian regulations require the use of 550 mg/kg of

sodium ascorbate or isoascorbate to reduce the amount of nitrosamines formed

in cooked bacon. Nitrosamines are still detected in raw and cooked bacon in

the lipid phase. Complete inhibition of nitrosamines during cooking is thus

not achieved by ascorbate or isoascorbate, since they have limited solu-

bility in the lipid phase.
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a-Tocopherol (Vitamin E) is also known to inhibit nitrosamine

formation and it is lipid soluble (National Academy of Sciences, 1982).

However, because a-tocopherol is insoluble in water, its use in the curing

process requires special procedures, such as the use of polysorbate emulsi-

fiers; alternately it can be applied to the surface. It is effective in

reducing nitrosamine formation in bacon at a concentration of 500 mg/kg.

The combination of ascorbates and tocopherol (550 and 500 mg/kg,

respectively) effectively inhibits nitrosamine formation. However, possible

formation of other toxic compounds when the two are used together in the

cure has not been adequately investigated. Further toxicological and anti-

botulinal activity tests on their combined use have been recommended

(National Academy of Sciences, 1982).

4.8.2 Sorbate

Potassium sorbate is perhaps the most investigated alternative to

nitrite (Sofos and Busta, 1980; Roberts and Gibson, 1986). The combination

of potassium sorbate (2.6 g/kg) and a low level of sodium nitrite (40 to

80 mg/kg) has been found to have antibotulinal activity equal to that of

120 mg/kg of sodium nitrite alone. The combination of sorbate and nitrite

Is also effective against salmonellae and Staphylococcus aureus, but it does

not inhibit lactic acid producing bacteria (Pierson et al., 1979; Tompkin et

al. , 1974; Emard and Vaughn, 1952). The antibacterial action of sorbate is

greater at 3.5% (than at 2.57.) salt, at pH <6 and at low storage tempera-

tures (Roberts and Gibson, 1986). Bacon containing this combination was

found to be acceptable in flavor and color by a sensory evaluation panel.

In meats, potassium sorbate is approved for use in dry sausages to

inhibit mold growth. In May, 1978, USDA proposed inclusion of sorbate in

bacon preparation along with nitrite (sorbate, 0.26%; nitrite, 40 mg/kg;

ascorbate, 550 mg/kg). However, this proposal was put on hold in May, 1979,

pending further tests (Sofos and Busta, 1980). Although sorbate alone is

used in many foods and does not show any adverse effects in toxicity tests

in animals, several reaction products formed by the combination of sorbate
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and nitrite have recently been found to be mutagenic (National Academy of

Sciences, 1982). Further tests are needed on this aspect.

4.8.3 Lactobacillus Bacteria

Lowering the pH of cured meat products reduces spoilage and inhi-

bits the growth of Q. botulinum and other pathogenic microorganisms (Tanaka

et al., 1980; Tanaka et al., 1985b; Sofos and Busta, 1980; National

Academy of Sciences, 1982). One method of reducing the pH is to incorporate

lactic acid producing bacteria and fermentable carbohydrate (e.g., sucrose)

in the cure mix. This method is very close to being approved for use for

bacon in the U.S. in the presence of 80 mg/kg concentration of nitrite

(USDA, 1979a; Doyle, 1986). Even in the absence of nitrite, excellent

protection of bacon against the production of botulinum toxin is achieved

(National Academy of Sciences, 1982). Bacon containing the combination of

lactic acid producing bacteria and low levels of nitrite (40 to 80 mg/kg)

has been found to have acceptable flavor by sensory evaluation panels

(Tanaka et al., 1985a).

4.8.4 Fumarate Esters

Methylfumarate and ethylfumarate esters (1.5 to 2.0 g/kg) in bacon

are at least as effective as conventional levels of nitrite in preventing

toxicity of £. botulinum spores (Huhtanen et al., 1981). However, detailed

information on products formed and toxicity is lacking.

4.8.5 Sodium Hypophosphite

Sodium hypophosphite (3 g/kg) is as effective in bacon as sodium

nitrite (120 mg/kg) and a combination of the two (1 or 3 g/kg and 40 mg/kg,

respectively) also appears to be as effective (Pierson et al., 1981).

However, in this case also detailed information on the products formed and

toxicity is lacking.

It thus appears that the three closest competitors to irradiation

presented as alternatives to the use of current levels of nitrite are use of
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(1) ascorbate and a-tocopherol (with conventional level of nitrite),

(2) lactic acid producing bacteria (with fermentable carbohydrate and

reduced nitrite) and (3) sorbate (with reduced nitrite). However, none of

these extends the shelf life of bacon.

5. RADIATION PRESERVATION OF FRESH AND CURED RED MEATS

Irradiation appears to be one of the most promising alternative

treatments to addition of nitrite in bacon and other cured meats as well as

for fresh meats. The process destroys sufficient spoilage-causing micro-

organisms at low doses (radurization, up to 10 kGy) to extend the refrigera-

ted shelf life of the product significantly (from days to weeks). By

killing most or ideally all of the microorganisms at sterilizing doses

(radappertization, >10 kGy) it may stabilize the food indefinitely (from

months to years) at ambient temperatures.

For the acceptance of any alternate method of food preservation,

it must be proved that it is technically advantageous, economically competi-

tive (the benefits are greater than the costs) and the treated food is

wholesome and safe for human consumption. Therefore, the microbiological

effects, the shelf life of the treated foods in storage (e.g., the organo-

leptic and nutrient effects) and the nontoxicity of the treated foods is

discussed below. The cost of the irradiation process has been discussed by

many authors (Gallien et al., 1985; Giddings, 1985; Lagunas-Solar, 1985;

McKinnon and Chu, 1985).

5.1 CHEMICAL AND BIOCHEMICAL EFFECTS OF RADIATION

5.1.1 Basic Processes

Exposure of a substrate to ionizing radiations leads to the forma-

tion of a spectrum of ionized and excited species, which are either deacti-

vated to the starting substrate or result in other products, usually via

free radicals (Draganic and Draganic, 1971; Simic, 1983; Singh and Singh,
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1982). The energy deposited in the liquid and the solid phases is not dis-

tributed homogeneously on the microscopic scale. It is deposited in units

of 20-100 eV in regions called spurs (Samuel and Magee, 1953), which are

about 5 nm in diameter (Mozumder, 1969; Schwartz, 1969). The concentrations

of primary reactive species formed in spurs are quite high. For example, in

water, the primary concentrations of hydrogen atoms («H), hydroxyl radicals

(•OH) and hydrated electrons (e~ ) in spurs are, on the average, about 10~^,
aq

10"1, and 10"1 mol»dm~3, respectively, while in the core of the spur (cen-

tral 0.75 nm), the initial concentrations of »H and «0H could be up to -0.5

and ~2 mol»dm~3, respectively (Singh and Singh, 1982).

In radiolysis, the absorbed energy in a mixture is distributed

approximately in proportion to the mass ratio of its constituents (Klots,

1968), i.e., in a biological system the energies deposited in the organic

(RH, R'RH) plus the inorganic part, and in the water part would be ~25% and

~75%, respectively. (In meats, the water content varies; for example, it

would be ~75% in fresh beef but only ~50% in smoked bacon). This would lead

to the formation of reactive intermediates, as follows:

H20 + e" + H20+ + «H + »0H + H20 + H2O2 (1)

R'RH ->• R'RH + R'« + R'R» + »H + R'RH+ + e" (2)

The free radicals formed from the organic molecules would include those

formed by the C-C (R'») and the C-H (R'R«) bond breakages.

The inorganic cations and anions would undergo electron transfer reactions,

for example:

3+ 2+
Fe + e- -• Fe (3)

aq

Cl" + »0H ••• Cl« + OH" (4)
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The excited molecules would also contribute to the formation of free radi-

cals (Singh and Singh, 1982):

H20 -> «H + «0H (5)

R'RH -»• R'« + R'R» + «H (6)

Oxygen, which is normally present in biological systems, enhances biological

radiation damage. In the presence of oxygen the additional reactive

species formed include peroxy radicals (R02), superoxide anions (0») and

singlet oxygen (102) (Magat, 1959; Czapski, 1971; Singh, 1978).

R1. + O2 * R'0.2 (7)

eaa + °2 * 0#aq 2

•*• - +

•H + Oo •*• HO* O» + H (9)
2 2 * 2

R'RH* + 02 + l02 + R'RH (10)

The peroxy radicals lead to the formation of peroxides and organic hydroper

oxides. Typical reactions of these various reactive intermediate species

are briefly described in Appendix III.

5.1.2 Radiolysis of Foods and Their Components

Three main phases can be identified in foods (Taub, 1981) as

follows: (1) an aqueous phase amounting to ~65% of the weight and contain-

ing primarily soluble salts, free amino acids, sugars, soluble proteins and

specific micronutrients such as vitamins; (2) a hydrated protein phase

amounting to ~20%, also containing minor compounds such as salts and bound

vitamins, and (3) a lipid phase (comprised mainly of triglycerides derived

from major fatty acids) amounting to ~15% and containing other fat soluble
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nutrients including vitamins. Many studies have focussed on radiolysis of

these phases of food, various foods themselves, as well as model systems•

A brief outline of the results relevant to bacon and meats follows.

5.1.2.1 Proteins

The radiation chemistry of amino acids and proteins remains an

active field of research due to its relevance in radiobiology and food irra-

diation (Singh and Singh, 1982; Delincee, 1983b; Simic, 1983; Taub,

1983). The range of possible chemical and physical changes seen on irradia-

tion of proteins in foods is similar to that caused by other treatments.

The reactions that occur include deamination, decarboxylation, reduction of

disulfide linkages, oxidation of sulfhydryl groups, breakage of peptide

bonds and changes in valency states of the coordinated metal ions in enzymes

(Taub, 1983; Taub et al., 1979; Delincee, 1983b). Some bonding of free

amino acids to proteins, protein-protein aggregation and protein-lipid

cross-linking also occur.

A set of values on radiation inactivation of enzymes is given in

Table 8 which show that, in general, enzymes are radiation resistant but to

varying levels. The products of irradiation of proteins include formation

of carbonyl groups, ammonia, hydrogen peroxide and organic peroxides.

Yields of these from gelatin and yields of carbonyl group formation from

five different proteins are shown in Tables 9 and 10.

Proteolytic enzymes are only partially inactivated at doses

required for food irradiation. Their inactivation depends on phase and dose

(Shults et al., 1975) e.g., in irradiation of pork at 21°C, about 75% of the

proteolytic activity is lost at a dose of 20 kGy whereas on irradiation at

-30°C, only about 60% of the activity is lost at a higher dose (40 kGy).

Thus, the proteolytic, autolytic and the lipolytic enzymes are not fully

inactivated at doses optimum for food irradiation (Diehl, 1983; Josephson,

1983). In fact, on irradiation at low doses, increases in the activities of

some enzymes may be observed (Diehl, 1983; Singh and Singh, 1982).
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Analysis of the amino acids in beef irradiated in the frozen state

(-30 ± 10°C) to a dose of 47-72 kGy (Gamma or electron irradiation) showed

no significant differences compared to the unlrradiated controls and the

thermally treated samples (Taub et al., 1979).

TABLE 8

RADIATION SENSITIVITY OF ENZYMES IN DILUTE AERATED

Enzymes

Alcohol dehydrogenase
Aldolase
Amylase
Aspartate transcarbamylase
Aspartokinase-homoserine dehydrogenase (kinase a c t . )
Aspartokinase-horaeserine dehydrogenase

(dehydrogenase a c t . )
Chymotrypsin
DNA-dependent RNA polyraerase
DNase I
DNase I I
Enolase
Fructose-1,6-diphosphatase
Glutamate dehydrogenase
Glyceraldehyde 3-phosphate dehydrogenase
Heart l a c t i c dehydrogenase
I s o c i t r a t e dehydrogenase
Lysozyme
Mucor pus i l l i u s protease
Papain
Pectin methyl es terase
Phosphofructokinase
Phosphorylase b
Rennim
RNase
Tryps in
Urease

SOLUTIONS8

G-Valueb

0.06
0.14
0.08
0.010
0.02

0.006
0.5
0.2
0.7
0.4
0.3
0.02
0.3
0.07
0.5
0.5
0.02
0.4
1.2
0.4
0.06
0.19
0.4
0.5
0.14
0.015

(a) Data taken from Sanner et a l . , 1974.
(b) G-value is defined as number of product molecules formed per

100 eV of absorbed energy, on exposure of a substrate to high
energy radiation.
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TABLE 9

RADIATION-INDUCED OXIDATION OF PROTEINa

G(>C=O)

Pepsin 1.20
Gelatin 0.89
p-Lactoglobulin 0.85
a-Chymotrypsin 1.25
Yeast alcohol dehydrogenase ~0.5

(a) Data taken from Garrison et a l . , 1962.

TABLE 10

PRODUCT YIELDS; y-RADIOLYSIS

OF OXYGENATED

PRODUCT

SOLUTIONS OF GELATIN

G VALUE

a,b

Total carbonyl 0.89
a-Keto acids 0.40

(a-Ketoglutaric) 0.05
Total ammonia 1.25

Amide 0.95
Free 0.30

Hydrogen peroxide 1.24
Organic peroxide 0.38

(a) Gelatin concentration = 1%; dose = 2.5 x 101 9 eV/mL (4 kGy).
(b) Data taken from Stein and Tomkiewicz, 1970.
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5.1.2.2 Lipids

Autooxidation of unsaturated fatty acids and lipids is a well

known phenomenon. In the absence of oxygen, irradiation leads to cleavage

of lipids at various sites and a variety of products result that seem to

depend mainly on the fatty acid composition of the lipids/fat (Delincee,-

1983; Nawar, 1983; Taub, 1983). These products include hydrocarbons, alde-

hydes, esters, and dimeric and polymeric compounds. In the presence of

oxygen, peroxides and hydroperoxides are formed and autooxidation of unsatu-

rated lipids (mainly, phospholipids) via peroxy radicals (Pryor, 1976; Aust

and Svingen, 1982; Delincee, 1983a) is accelerated.

The large number of products formed from lipids can be explained

by possible cleavage of the triglycerides at the various sites shown in

Figure 5. Similar cleavage can also take place in fatty acids and phospho-

lipids (Taub, 1983; Nawar, 1983; Delincee, 1983a).

0
II

— 0 — C — C — C— C — R

1 II
HC— 0—C — C— C— C— R

-+• 0
. II .

H.C4-O+C+C+C + C +
C. I I I I I I

a b c d f i f 2

FIGURE 5: Cleavage Sites and Resulting Products in Triglycerides Following
Irradiation (based on data in Delincee, 1983a). Examples of
products: a •*• fatty acids; b •*• aldehydes, ketones and alco-
hols; c,d,fi,f2 •*• hydrocarbons, and e •*• esters and diesters.
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Lists of the typical products formed are given in several review

papers (Merritt et al., 1978; Merrit and Taub, 1983; Taub et al., 1979a,b;

Nawar, 1983a,b; Delincee, 1983; Diehl, 1983). The types of free radicals

and other transients that lead to the products have been reviewed by Taub

(1983) and Nawar (1983). While, in general, the products formed from

proteins and lipids are independent of each other's presence, some evidence

of products attributable to lipid-protein interaction has been reported

(Diehl, 1983). In the case of pork, the relationship between the numbers of

carbon atoms in the most abundant fatty acid and the most abundant

hydrocarbon and the aldehyde formed is shown in Table 11. The yields of

products from fats do not seem to vary with the source of the fat, for

example, the yield of hexene, haxane and octene from irradiated ham, pork,

chicken and beef increase linearly with the fat content of the meats (Taub,

1981; Taub et al., 1979b).

TABLE 11

RELATIONSHIP BETWEEN RADIOLYTIC PRODUCTS

AND THE MAJOR FATTY ACIDS IN NATURAL FATS2

Fat

Pork

MOST ABUNDANT

FATTY ACID

Carbon

Number % in Fat

18:1 60.6

RADIOLYTIC PRODUCTS

MOST ABUNDANT

HYDROCARBONS

Carbon Concentration

Number mg/100 g fat

16:2 6.84

17:1 3.96

MOST ABUNDANT

ALDEHYDE

Carbon

Number

18:1

a) Data taken from Nawar, 1983b.
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5.1.2.3 Heat vs. Radiation

In general, the results suggest that irradiation of triglycerides

and other food components leads to less decomposition than heating at normal

cooking or frying temperatures (Basson, 1983a). Comparison of heating and

irradiation of tricaproin is one example of such studies, the results of

which are shown (Nawar, 1983a) in Table 12. It Is obvious that qualita-

tively the products in both cases are the same, although quantitative dif-

ferences exist. Amongst the products, 2-ethyl cyclobutanone appears to be

absent in the heat-treated sample, and 2-oxo-l,3-propanediol dicaproate

appears to be absent in the irradiated sample.

Although some more results of such comparisons have been reported

(Nawar, 1983a,b), this area appears to be quite deficient in systematic

comparison. For example, no comparison seems to have been made between

cooked meats that have been preirradiated and nonirradiated cooked controls.

In the case of bacon, Merritt (1984) has reported analyses of

volatiles from irradiated bacon as well as diethyl ether extractable pro-

ducts from gamma and electron irradiated bacon. These results are given

in Tables 13 and 14.

Another advantage of irradiation is that it reduces the levels of

preformed nitrosamines, as shown by the data of Fiddler et al. (1981), using

the current commercial level of nitrite (Table 15). These workers also

showed that bacon processed with lower levels of nitrite (20 mg/kg) con-

tained negligible amounts of nitrosamines on irradiation.

5.1.3 Factors Relevant to Radiolysis of Foods

5.1.3.1 In Vitro vs. In Vivo

Radiolysis of a compound In a multicomponent system is usually

different than in a single component system. For example: (a) sodium iso-

ascorbate (1 tng/mL) reduces the loss of pepsin activity on irradiation in

aqueous solutions from 80% to 20% (Proctor et al., 1952), and (b) Bellamy
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TABLE 12

COMPARISON OF PRODUCTS FORMED ON HEATING AND IRRADIATION

OF TRICAPROIN UNDER VACUUMa

CONCENTRATION IN TRICAPROIN

((imol/100 g)

Product

Ethane

Ethene

Propane

Propene

Butane

1-Butene

Pentane

1-Pentene

Hexanal

Methyl hexanoate

Hexano ic ac id

2-Ethyl cyclobutanone

2-0xopropyl hexanoate

6-Undecanone

2-Oxoheptyl

1,2-Propanediol dicaproate

1,3-Propanediol dicaproate

1,3-Propanediol dicaproate

2,3-Propanediol dicaproate

2-Oxo-l,3-Propanediol dicaproate

Dicaprin

Heating

(275°C, 15 hours)

3.0

1.4

10.4

7.2

2.0

62.7

100

4.5

8

4

4396

-

237

449

60

9

44

7

35

2

2939

Irradiation

(60 kGy)

20

14

12

4

10

39

181

14

172

39

1220

39

25

70

30

324

45

221

32

-

295

(a) Data taken from Nawar, 1983a.
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TABLE 13

COBALT-60 IRRADIATION OF BACON AT 5"C;

PRODUCTS IN VOLATILESa

Compound

0 kGy 5 kGy

DOSE

10 kGy

Concentrations

20 kGy

5/kg

30 kGy

Hydrogen
Methane
Ethane
Propane
Butane
Pentane
Hexane
Heptane
Octane
Nonane
Decane
Undecane
Dodecane
Tridecane
Ethene
Propene
Butene
Pentene
Hexene
Heptene
Octene
Nonene
Decene
Undecene
Dodecene
Tridecene
Acetaldehyde
Acetone
Butanone
Methanol
Ethanol
Benzene
Toluene
Dimethyl
disulfide

—
-
-
-
-
48
3
12
15
-
-
-
-
-
-
-
-
11
1
4
5
-
-
-
-
-
-
8
-

< 1
< 1
< 1
< 1

-

922
41
68
82
88
107
66
73
32
34
47
39
24
7
28
28
39
47
26
44
14
14
20
8
7
-
30
11

< 1
1.5
3
1

2.4

< 1

1981
96
143
176
193
278
137
162
48
71
83
73
46
8
45
66
72
89
48
73
22
32
36
25
12
2
58
17
2
2
7
2
9

2.2

4242
203
298
268
296
527
309
346
103
7

149
138
88
17
97
104
121
175
98
161
56
66
62
44
27
6

123
24
6
5
18
6
13

1.7

6466
327
462
498
502
796
493
507
142
11
222
211
159
22
135
177
201
163
145
238
86
98
104
73
33
10
192
36
11
8
22
8
20

4

(a) Data taken from Merritt, 1984.



TABLE 14

YIELDS OF DIETHYL ETHER EXTRACTABLE RADIOLYSIS PRODUCTS FROM BACON5

5 kGy 15 kGy 30 kGy Yield

Un(5°C)b>C Co(5°C) Lin(5°C), Co(5°C) Co(-40°C) Lin(5°C), Co(5°C) Co(-40°C) G-Value

5°C

Compound

Pentadecane

Heptadecene

Hexadecanal

Octadecenal

Ethyl Palmitate

Ethyl Oleate

16/16 Propanediol

diester

16/18:1 Propanediol

diester

X

0.003f

0.004

0.014

0.014

0.008

0.04

0.00055

0.0024

±

±

±

±

±

±

±

±

±

d
a

0.001

0.0007

0.004

0.004

0.001

0.01

0.00005

0.0002

0

0

0

0

0

0

0

0

X

.004

.014

.026

.035

.015

.047

.0013

.0057

A d
± o

± 0.001

± 0.004

± 0.014

± 0.007

± 0.006

± 0.005

+ 0.00017

+ 0.004

0

0

0

0

0

0

0

0

X

.0055

.012

.014

.014

.014

.015

.003

.006

± ae

± .0015

± .002

± .001

± .001

± .002

+ .005

± .000

± .000

0

0

0

0

0

0

0

0

X

.01

.028

.025

.07

.03

.062

.0047

.025

t ad

± 0.

+ 0.

± 0.

± 0.

± 0.

± 0.

± 0.

+ 0.

002

004

004

02

015

006

002

005

X

0.022

0-028

0.026

0.045

0.02

0.028

0.003

0.012

. e
+ a

± 0.002

± 0.002

+ 0.006

± 0.005

+ 0.003

± 0.005

+ 0.001

+ 0.004

0

0

0

0

0

0

0

0

.038

.03

.07

.08

.04

.13

.002

.008

I
U)

1

(a) Data taken froa Merritt, 1984.

(b) Lin - LINAC (electron accelerator); Co • Co60.

(c) Temperature of irradiation.

(d) Average of four determinations; two each for irradiation by 60Co and LINAC.

(e) Average of two determinations.

(f) ag/g of fat.

(g) um/(g • 10 kGy)
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TABLE 15

EFFECT OF IRRADIATION AND ADDED ASCORBATE ON RESIDUAL

NITRITE AND NITROSAMINE FORMATION IN FRIED BACON*1

SAMPLE

Control

Irradiated

Control

Irradiated

AoCUKflAlCi

(mg/kg)

0

0

550

550

RESIDUAL

NilKllfc

(mg/kg)

76.7

14.8

26.0

0.8

FRIED

NPYR°

(ngy

1 1 . 3

4.2

7.7

2.9

PORTION

NDMAd

'kg)

4.2

1.0

3.0
0.9

DRIPPINGS

NPYR

(ug/kg)

13.0

6.3

11.2

4.8

NDMA

6.4

3 .3

5.0

3.1

(a) Data taken from Fiddler et a l . , 1981
(b) Input nitr i te = 120 mg/kg
(c) N-nitroso pyrolidine
(d) N-nitroso dimethylamine

and Lawton (1954) reported that whereas a dose of 0.25 kGy inactivated a dilute

solution of pure catalase, inactivation of the enzyme in potatoes required a

dose of 50 kGy.

These differences in the radiolysis effects in vivo and in vitro

arise mainly due to two factors: relative reactivity towards transients and

migration of damage.

The relative reactivity can be illustrated by considering reactions

of *0H with acetone, ethanol and cysteine.
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k (rate constant)

Acetone 9.0 x 107

Cysteine 1.0 x 1010

Ethanol 1.8 x 109

Thus, if »OH were formed in a solution that contained these three compounds

in equal concentration, its reactivity with them will follow the order:

cysteine > ethanol >> acetone, in the ratios of their constants.

Migration of damage in a food can be illustrated as follows. The

hydroxyl radical can react with chloride anions to a dichloride anion

radical.

•OH + Cl" ->• OH" + Cl* (11)

Cl* + Cl" •+ Cl* (12)
2

The dichloride anion, in turn, can react with amino acids, e.g., tryptophan

(trpH).

Cl* + trpH * trp* + 2 Cl- + H+ (13)
2

The trp. radical, in turn, can be repaired by cysteine (RSH):

trp. + RSH •+ trpH + RS* (14)

The net result of both these factors, i.e., relative reactivity and migra-

tion of damage, is that the more radiation-sensitive smaller molecules in

food protect it against radiation damage but are themselves damaged.

However, the fate of the same compound may vary from food to food. Some

examples are as follows:
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(1) In codfish irradiated to 45 kGy, ~30% of cysteine/cystine is

decomposed (Underal et al., 1973). Similar loss of cysteine/

cystine has been reported in beef (Johnson and Moser, 1967).

However, no significant loss of these was observed by Brooke

et al. (1964) on irradiation of clams at 45 kGy.

(2) In aqueous solution (10-1* mol dmr3), vitamin C is completely

degraded at a dose of 1 kGy (Loyola et al., 1977). In contrast,

it is radiation-stable in some varieties of tomatoes (<3 kGy),

mangoes (<2 kGy) and papayas (<2 kGy) (Basson, 1983b).

Diehl (1983) has reviewed the use of additives to reduce radiation

damage to foods. Amongst the useful additives are ascorbic acid and sodium

tripolyphosphate (TPP). Their useful action is attributable to their reac-

tivity towards free radicals and, in the case of TPP, to the improvement of

water binding and color retention in meats.

5.1.3.2 Temperature

Brasch and Huber (1947) were the first to suggest irradiation of

foods at -40cC to reduce undesirable chemical side reactions. On freezing

(to -5°C or lower) the yields of products derived from e~ , «0H and «H are
aq

drastically reduced, for example, as follows (Taub, 1983):

(1) G(e ) = 2.7 at 25°C, but is only 0.3 at -5°C.
aq

(2) Ammonia formation from glycine, due to Its reaction with e , is

reduced by ~90%.

(3) Nitrite formation from nitrate (2 x 10"1 mol dm"3) is reduced by

99%.

In radiolysis of beef containing 20% fat, at 37 kGy dose, the

yields of C5 to C8 hydrocarbons are relatively flat from -80°C to -20°C but
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increase by factors of 101 to 102 when the temperature is raised from -20°C

to 0°C (Merritt et al., 1978) (Figure 6). These hydrocarbons are produced

from the fat component and the increased yield is attributable to change in

the viscosity of the fat with temperature.

O»

800

600

400

200

-80 -70 -60 -50 -40 -30 -20 -10 0 10
TEMPERATURE ( °C )

x—x, C5 i A - A , Cji • - • , CQ; and • - • , Cg Hydrocarbons;

O-O CH3COCH3; •—• CHjCHO; D--D

FIGURE 6: Yields of Hydrocarbons, Acetone, Acetaldehyde and Methyl Ethyl
Ketone from Beef, as a Function of Temperature, at a Dose of
47 kGy (Data taken from Merritt et al., 1978).
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Irradiation of various meats has shown that the protection pro-

vided by freezing seems to peak at about -20°C (Diehl, 1983). The gain In

food quality by irradiation of frozen foods is offset by the higher doses

needed to inactivate microorganisms. The more radiation-resistant bacterial

spores, however, are only marginally protected by freezing; so that, for

sterilizing irradiations the gain in food quality due to freezing is con-

siderable.

5.1.3-3 Oxygen Effect

It is generally agreed that in the presence of oxygen, peroxida-

tion of foods containing fats is high. This arises through peroxy radical

formation and associated reactions (reactions given in Appendix C). Thus

for foods containing high fat levels, e.g., bacon, irradiation in the

absence of oxygen is better.

However, in the absence of oxygen, the radio-resistance of most

microorganisms increases (Singh and Singh, 1982; Adams, 1972; Powers and

Held, 1979). Thus in general, higher sterilizing doses are needed for

deoxygenated foods (see Table 4).

5.1.3.4 Dose Rate

There are two main zones of reaction in a radiolytic system, the

spurs and the bulk of the system. In liquid systems radiolytic reactions

start to occur in spurs. However, the spur diffuses rapidly (10~^ to

10-7 s). Therefore, only a small fraction of the reactions occur in spurs.

On the other hand, in frozen systems a very much larger fraction of reac-

tions would occur in spurs due to the inability of most of the species

formed to diffuse into the bulk). As the dose rate increases, the nature of

the spur remains the same. Therefore, for all practical purposes, reactions

within the spur would not be affected by the dose rate. In water, the

extent of radical-radical reactions, such as reactions (8), (11), (15),

(16), (18-20) (given in Appendix C), will increase as the dose rate

increases. However, since for all practical purposes, In foods these free

radicals would react almost exclusively with the organic and Inorganic
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material rather than with other radicals, no dose rate dependence would be

expected. This is borne out by the data reviewed by Diehl (1983) and Taub

et al. (1979a) that showed no dose rate dependence in food irradiation.

Hannah and Simic (1985), however, suggests that there is less loss of water

soluble vitamins and sulfur compounds when the higher dose rates from a

50 kW electron accelerator are used, as compared to y~irradiation.

5.1.4 Chemiclearance of Foods

The emphasis on toxicity evaluation has now shifted from animal

feeding studies to radiation-chemical analyses in foods. The principle of

chemiclearance is based on the assumption that if details of radiolytic

product formation in foods are known, then the product formation from other

generically related foods can be quantitatively predicted. Up to now the

toxicological effects have been evaluated by feeding studies. For example,

Conning (1983) has evaluated irradiation of animal feed and concludes as

follows:

(1) All animals (laboratory and commercial) appear to thrive normally

on irradiated diets where the dose does not exceed 15 kGy.

(2) Diets irradiated at 25 kGy require supplementation by vitamins.

(3) No statistically valid adverse effects on reproductive ability or

foetal normality have been demonstrated.

Elias (1983) has also reviewed toxicology of irradiated foods. A

large number of toxicity, carcinogeniclty and multigeneration/teratology

studies have been performed in the past thirty years looking at each class

of foods processed by irradiation. He concludes that at doses averaging

10 kGy, there has been no evidence of any toxicologically significant

compounds being formed in the irradiated foods.

There is considerable evidence to support the view (Basson, 1983a)

that formation of radiolytic products in each class of food is rather simi-

lar and that the radiolytic products in related foods can be predicted from

detailed studies in one of them. Since similar radiolytic reactions occur

in homologous constituents of the protein, lipid or carbohydrate components



- 66 -

of different foods, common radioly'cic products will be formed in predictable

yields (Basson, 1983a). Basson et al. (1983) have presented a detailed

model of this approach, called chemiclearance, for irradiated fruits.

Similarity of products formed on radiolysis of various meats has

also been reported (Merritt, 1984; Taub, 1981; Taub et al., 1979).

Studies by Merritt et al. (1978) have shown that the radiolysis products of

these meats are similar. For example, the yields of hydrocarbons from beef,

chicken, pork, ham and bacon increase linearly with the fat content of the

meats on irradiation at -40°C.

The health authorities responsible for approving irradiation of

foods are expected to focus on the chemical products formed on irradiation

of a food. Comprehensive studies on one food can then enable them to clear

all food of that class. For example, detailed radiation-chemical data and

toxicological data on irradiated chicken can be the basis of allowing irra-

diation of all meats.

5.2 MICROBIOLOGICAL ASPECTS OF IRRADIATED MEATS

The lethal action of ionizing radiations on living cells is due to

either direct action on genetic material or to indirect effect (as discussed

under Chemical and Biochemical Effects above). Ionizing radiation causes

breaks in DNA. Recovery can occur in most of the single-strand and some

double-strand breaks, as long as the repair processes are operative (Singh

and Singh, 1982). The presence of water increases the extent of the DNA

damage (Auda and Emborg, 1973) due to transient species formed from water

(indirect effect).

Generally, the more complex the organism, the more sensitive it is

to Ionizing radiations (Table 16). Hence, humans are very sensitive to

ionizing radiations and microorganisms are the most resistant of all living

systems. The ionizing radiation doses for destruction of microorganisms

vary with the type and concentration of microorganisms; the type of sub-

strate or suspending medium (e.g. a beef roast vs. ground beef, protein rich

vs. fatty meat, etc.); availability of free water (a ); gaseous environment
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TABLE 16

LETHAL DOSES OF IONIZING RADIATION3

ORGANISM

Man

Insects

Bacteria

Fungi

Bacterial Spores

Viruses

DOSE

(kGy)

0.006-0.01

0.25-1

1-10

1-10

10-50

30-50

(a) Data taken from Banwart, 1979.

(e.g., nitrogen, vacuum, air); stage of development (e.g., vegetative cells

vs. spores) and physiological injury (e.g., in preheat treatment); and the

presence of protective agents. Certain pre- and post-irradiation treatments

can also influence the inactivation of microorganisms. Many of these fac-

tors were identified in the fifties and reviewed by Niven (1958). In the

absence of 02, the cells have an increased resistance to radiation. The

removal of water generally increases the resistance of microorganisms to

radiation. This is due to the elimination of the indirect effect of *H and

•OH radicals and the reduction in the mobility of free radicals that are

formed. Irradiation in the frozen state increases the radiation resistance

by close to a factor of two and the same applies to irradiation in the dry

state. Radappertization of meats is generally done at -20°C or lower to

minimize the radiation chemical effects and results in a product with better

organoleptic properties.

The sensitivity of an organism is usually defined by D-value which

represents the dose required for 90% inactivation or one logio reduction.
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The D-values are Indicators of the relative resistance of microorganisms.

Some estimates that have been reported are listed in Table 4.

The common spoilage bacteria, e.g., Pseudomonas, of refrigerated

fresh meats are among the most radiation-sensitive bacteria. Their sensi-

tivity is equal to or greater than that of such foodborne pathogens as

Salmonella, Staphylococcus aureus and Tersinia enterocolitica (Ingram and

Farkas, 1977). Some foodborne bacteria (Streptococcus faecium, Micrococcus

radiodurans and members of the Moraxella acinetobacter group) (Rowley and

Brynjolfsson, 1980) have a radiation resistance similar to that of bacterial

spores (see Table 4). Certain yeasts may be as resistant as some of the

bacterial spores. The asexual spores of fungi (molds) are not as radiation

resistant as bacterial spores and generally have about the same radiation

resistance as bacterial vegetative cells, ranging between 0.5 to 1.4 kGy

(Rowley and Brynjolfsson, 1980). Viruses are more radiation resistant than

the most resistant bacterial spores (Sullivan et al., 1971, 1973). Clostrl-

dlum botulinum type A and B are considered to be the most resistant of the

typical foodborne pathogenic and spoilage bacteria. The required minimum

radiation dose to achieve commercial sterility of food is based on the

resistance of £. botulinum spores. In general, type A spores are more

resistant than the type B spores which are more resistant to radiation than

are type C, D, E or F spores. In meats, the contaminating spores have

generally been types A and B. Spore preparations of £. botulinum that have

been killed by irradiation may still contain toxin. This indicates that

spores are more sensitive to irradiation than the toxin itself (although the

£. botulinum toxin is more heat sensitive, see Section 5.2.2). The implica-

tion of this is that food that is highly contaminated with jC. botulinum

spores may be toxic even after receiving a dose of irradiation that will

destroy the viability of the spores.

Enzymes are relatively resistant to ionizing radiation (Table 7).

Using canned ground beef as their tests system, Fernandez et al. (1969)

suggested that sufficient enzymes involved in the synthesis of botulinum

toxin may remain active, even after the spores have been killed. They found

an increased toxin level after irradiation which suggested that while
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damaged spores may not be able to show growth and multiplication, the

enzymes may continue to produce toxin.

5.2.1 Microbiology of Radappertized Meats

A fair amount of work was done In the early sixties on radapperti-

zation of meats to produce ambient temperature shelf-stable products at the

U.S. Army Natick Research and Development Laboratories, Natick, Mass.,

U.S.A. Bacon and other cured meats (with and without added nitrite) were

extensively researched with respect to protection against Ĉ . botulinum.

Based on this work, irradiated bacon was approved for human consumption by

the U.S. Food and Drug Administration (FDA) in 1963 February. The clearance

was for bacon packed in tin cans and then irradiated with a 45 kGy dose of

gamma-rays from a cobalt-60 irradiator. This was the first irradiated food

in the world cleared at sterilizing dose levels (Goresline, 1983). However,

the clearance was withdrawn in 1968. A summary of the radappertization work

is given below, along with relevant microbiological considerations.

5.2.1.1 Bacon

In 1965, Anellis et al. reported that they did not find any botu-

linum toxin or viable C_. botulinum spores in uninoculated bacon that had

been irradiated at doses from 14 to 45 kGy for consumer taste panels between

1957 and 1963. However, a critical test of these findings required that

such work be done with £. botulinum inoculated meats. Anellis et al. (1965)

also reported such work on vacuum-packed, sliced, cured bacon, inoculated

with 3 x 106 spores. The 12D dose (12 logi0 dose for spore reduction) for

£. botulinum spores in bacon was found to be 26.5 to 28.7 kGy, depending on

the method of calculation (Anellis et al., 1965). This indicated that the

45 kGy dose, for which FDA had initially cleared bacon irradiation, was

excessive. The minimum irradiation sterilizing doses (12D doses) for bacon

and other meats are listed in Table 17. For bacon, a 12D dose of 26.5 kGy

Is adequate. Wlerblckl (1981) used a dose of 30 kGy at -30°C for organolep-

tic studies; the sterilized bacon under these conditions was found to be

microblologically shelf-stable for years, limited only by the integrity of

the packaging material.



- 70 -

TABLE 17

THE 12D DOSES FOR VARIOUS MEATS IRRADIATED AT -30 ± 10°Ca>b

TYPE OF MEAT 12D Dose°

Beefd 41.2

Chlckend 42.7

Ham 31.4

Porkd 43.7

Bacon6 26.5f

Corned beef6 26.9
e

Pork sausage 23.5

(a) Data taken from Rowley and Brynjolfsson, 1980.
(b) Based on recoverable botulinal cells.
(c) Based on an assumed exponential spore death rate with an

initial shoulder.
(d) Used a mixture of 10 strains (5 type A and 5 type B) of

10^ C. botulinum spores.
(e) Screened each of 10 strains of botulinal spores for

highest resistance in the food ("screening" pack of
20 cans/dose); then used the one most resistant strain
("clearance" pack of 100 cans/dose).

(f) Data taken from Anellis et al., 1965.

5.2.1.2 Ham

Ham is another cured meat that is frequently temperature abused

and several studies have explored the potential of using ionizing radiation

to increase its safety.

The microbiology of irradiated hams has been extensively investi-

gated (Anellis et al., 1967; Drake et al., I960,; Greenberg et al., 1965).

Anellis et al. (1967) conducted a large (6350 cans) inoculated-pack study of
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ham, which was gamma-irradiated at 5 kGy intervals from 5 to 45 kGy. Each

can was inoculated with approximately 106 spores and then sealed under

vacuum (25 mm Hg). The temperature at the start of the irradiations was 2

to 5°C and was kept below 24°C during irradiations. The dose of 45 kGy was

well above the sterilization dose (Table 17). Cans that received 35 kGy or

higher were unswollen, nontoxic, and sterile. A few cans (5/2000) that had

received doses of 25 or 30 kGy contained nonviable spores. Anellis et al.

(1977) found that the organoleptic properties of ham could be greatly im-

proved by enzyme inactivation of the product, packaging in vacuum, and irra-

diation at cryogenic temperature (-30°C), coupled with a reduced nitrite

concentration in the cure. They redetermined the 12D dose to be ~32 kGy

(Table 17).

5.2.1.3 Corned Beef

In an extensive study of the low temperature radappertization of

corned beef, Anellis et al. (1972) determined the 12D value of 26.9 kGy

(Table 17) for the vacuum-packaged product irradiated at -30°C

5.2.1.4 Other Meats

Anellis et al. (1969, 1972, 1979) established by inoculated-pack

studies with C. botulinum that the 12D doses at -30°C were 41.2 kGy for beef

meat rolls, 43.7 kGy for pork loin and 23.5 kGy for pork sausage. Coleby et

al. (1961) underlined the problem of incomplete inactivation of proteolytic

enzymes in fresh beef and pork, at sterilizing doses. They suggested that

the process (radappertization) would be more appropriate for cooked meats in

which the proteolytic enzymes have been heat-inactivated.

5.2.2 Microbiology of Radurlzed Meats

The purpose of radurization of meats is to extend the product

shelf life. Because of considerations of microbiological safety and product

quality, radurization of meats must be used with refrigeration. The objec-

tive is to reduce the initial microbial population so that a longer than

usual time period is needed for the development of microbial spoilage.
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Radurization does not prevent ultimate microbial spoilage; it only delays

it. The delay extends the refrigerated shelf life of the meats.

The traditional holding and shipping of the beef and pork carcas-

ses has been largely replaced by the boxed-meat concept. This includes the

separation of carcasses into primal and subprimal cuts, removal of excess

bone and fat, vacuum packaging in low permeability plastic film and shipment

to retailers in boxes (Foster et al., 1978; Sutherland et al., 1975). The

cured meats are also vacuum packaged in low permeability flexible pouches.

The method has considerable economic benefits (Foster et al., 1978;

Sutherland et al., 1975) and extends shelf life (Palmin et al., 1974;

Urbain, 1972; Niemand, 1981; Niemand et al., 1981) but these may be

counterbalanced somewhat by an increased risk of clostridia, although the

incidence of Ĉ . botulinum spores in red meats is low (one spore per 0.45 to

3.2 kg of bacon) (Hauschild, 1982). The same problem would exist in

radurized cured meats containing low or no nitrite because clostridium

spores are very radioresistant and require sterilizing doses for elimination

(as discussed under radappertization). In the case of improper holding

temperatures, the development of clostridia, if present, would be favored by

an anaerobic environment with an elevated level of carbon dioxide, elimina-

tion and/or inhibition of the competitive spoilage flora (Roth and Clark,

1972; Vanderzant et al., 1982) and extended time of growth. Clostridium

botulinum has indeed been shown to grow and produce toxin rapidly in herma-

tically sealed raw meats (Greenberg et al., 1958; Silliker and Wolfe,

1980). Raw or undercooked meats and fish are frequent causes of botulism in

the northern and coastal regions of Canada (Dolman, 1974).

Despite favorable conditions for growth of anaerobes, there seems

to be little concern over the product safety from C. botulinum in transpor-

ting refrigerated boxed meat. According to Hauschild et al. (1985), this

lack of concern may be justifiable because: (a) prolonged breakdown of the

refrigeration system would be a rare event (the common proteolytic strains

of £. botulinum A and B do not grow below 10°C), (b) the toxin production is

generally expected to be indicated by putrefactive changes, due to proteoly-

tic strains of £. botulinum A and B (the nonproteolytic £. botulinum strains
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in red meats) and (c) vacuum-packaged meats have a very good safety record.

In the case of cured meats the situation is very similar. There-

fore, if radurization eliminates or lowers the nitrite addition to cured

meats, similar safety factors would prevail (except for the reduced competi-

tion from aerobic spoilage bacteria). In the case of bacon, there is an

additional safety factor against C_. botulinum toxin, since frying destroys

this toxin (Losikoff, 1978). Safety assessment of cured meats has been

discussed by Hauschild et al. (1985).

5.2.2.1 Bacon

Work on microbiology of radurized cured meats is not very exten-

sive. The radappertization experiment of Anellis et al. (1965) on bacon

also used 10 kGy dose, but presented no data on microflora other than £.

botulinum. Wierbicki and Heiligman (1980) carried out a radurization

experiment with vacuum-packaged bacon in the presence of normal and reduced

amounts (120, 20, and 0 mg/kg) of nitrite, using doses of 0, 2.2, 7.5 and

15 kGy and followed the shelf life at 5°C for several months. Their results

are summarized in Table 18. They found that the unirradiated samples,

regardless of the nitrite level, developed aerobic plate count (APC) above

106 after 14 to 42 days of storage. Most were spoiled and were unacceptable

for consumption. Radiation (7.5 and 15 kGy) destroyed the bacon spoilage

microorganisms. The irradiated samples had a shelf life of over 80 days in

the presence or absence of nitrite. Irradiation with 2.2 kGy gave protec-

tion against spoilage for only 15 to 30 days.

Rowley et al. (1983) carried out similar irradiations, with doses

of 5, 10 and 15 kGy, of bacon samples containing 0, 40 and 120 mg/kg

nitrite, but they looked only for C_> botulinum spores. When the inoculum-

pack contained 2 spores/g, they found that the spores remained viable

regardless of the addition of nitrite (40 or 120 mg/kg). When the product

was inoculated with 160 spores/g, 15 kGy dose did not provide complete

protection to temperature-abused (27°C, 60 days) bacon against £. botulinum

growth. Significantly, all of the unirradiated controls with 120 mg/kg
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AEROBIC PLATE

DOSE

ADDITIVE (kGy)

NONE 0

2.2

7.5

15.0

20 ing/kg NaNO2 0

2.2

7.5

15.0

120 mg/kg NaN02 0

2.2

7.5

15.0

COUNT PER (

TABLE 18

SRAM OF RAM

AND STORAGE AT 5°

14

5.6xlO2

< 10.3

-

-

3.4xlO2

< 10

-

-

4.8xlO2

< 10

-

-

' BACON AFTER

± i°ca

STORAGE DAY

42

5.6xlO7

4-lxlO1*

< 10

-

6.6xlO6

l^xlO'*

< 10

-

8.7xlO5

1.8xlO2

< 10

-

64

1.7xlO8

7.3xlO6 5

< 10 <

1.3xlO8

2.7xlO7 1

< 10 <

-

l.lxlO8

3.0xl06 6

< 10 <

IRRADIATION

87

*

.OxlO7

10

10

_

.lxlO8

10

10

*

.4xlO7

10

10

102

*

*

< 10

< 10

*

*

< 10

< 10

*

6.4xlO7

< 10

< 10

(a) Data taken from Wlerblcki and Heiligman, 1980.

* Samples spoiled.

nitrite swelled and 662 became toxic at the abusing temperature. A recent

study (Huhtanen et al., 1986) on bacon containing 0.75% sucrose showed that

while £. botulinum inoculated bacon, irradiated at 15 kGy, was free of

toxin, there was toxin formation at 7.5 kGy.
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5.2.2.2 Ham

Anellis et al. (1967) showed that in cans of vacuum-packaged ham

that received doses of 5, 10 and 15 kGy spoilage occurred at significantly

higher rates as compared to the controls. This was consistent with an

earlier study by Greenberg et al. (1965). Anellis et al. (1967) suggested

that the enhanced susceptibility of the ham to swelling and toxin production

with lower radiation doses was due to one or more of the following three

factors: (i) decreased competition from the indigenous microbial flora,

(ii) decreased nitrite-nitrate concentrations, and (iii) radiation activa-

tion of the spores. However, another study (Firstenberg-Eden et al., 1982)

did not find evidence to support the activation of C. botulinum type E

spores on chicken skins at doses of 3 kGy of gamma radiation.

5.2.2.3 Corned Beef

In the case of heavily inoculated (106 spores/can) corned beef,

Anellis et al. (1972) found that sublethal doses of 5 and 7.5 kGy increased

the spoilage rate over that of the controls. They attribute it to the

effect of nitrate, nitrite and spices without suggesting any mechanism.

This result has serious implications for radurization of meats and should be

carefully repeated. It is possible that the heavy spicing of corned beef

contributed to these results. If so, the result may not be applicable to

other cured meats.

5.2.2.4 Fresh Meats

Wolin et al. (1957) and Urbain (1978) noted that radurization can

delay spoilage in retail cuts of meat by controlling pseudomonas. Niemand

(1981) and co-workers (1981) showed that radurization of minced beef with a

dose of 2 kGy doubled the shelf life of vacuum-packaged meat stored at 4°C.

The treatment eliminated the spoilage bacteria but the the growth of lactic

acid bacteria took place when the temperature of storage was abused.
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5.3 ORGANOLEPTIC/SENSORY EVALUATION OF IRRADIATED MEATS

WITH REDUCED NITRITES

Organoleptic/sensory analysis is used for assessing the quality of

meats- Many different methods have been used for such assessments (Stone

and Sidel, 1985). In irradiated foods one generally compares the irradiated

samples with the unirradiated control samples of the same starting quality

of meat- In the case of cured meats, the comparison of irradiated samples

is made either (i) with the unirradiated samples containing the nitrite

levels used at present by the Industry and/or (ii) with the same nitrite

level in the unirradiated sample as used in the irradiated sample, but is

frozen on day zero. There are many different ways of evaluating organolep-

tic tests (Stone and Sidel, 1985; Agriculture Canada, 1977). The procedure

that has been used in most of the published work so far on irradiated cured

meats is as follows.

The analysis evaluates four attributes of meats, namely, color,

odor, flavor and texture in cooked meat; and three (color, odor and texture)

in raw meat, by a panel of trained technologists using the following 9-point

quality scores:

Scale Quality

9 » excellent

7 * good

5 - fair

3 * poor

* 1 = extremely poor

For a consumer panel response to cooked meat, the 9-point hedonic scale for

preference (Peryam and Pilgrim, 1957) with the following quality rating Is

used:
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Rating Quality

9 = like extremely

7 =• like moderately

5 * neither like nor dislike

3 = dislike moderately

1 = dislike extremely

Ratings above 5 by either panel are indicative of products of good quality

that can be expected to gain acceptance by a broad spectrum of consumers

(Wierbicki, 1981).

5.3.1 Organoleptic Analysis of Radappertized Meats

In a series of studies Wierbicki and Heiligman (1973, 1980);

Wierbicki et al (1976, 1979); Wierbicki and Brynjolfsson (1979); Wierbicki

(1980, 1981) and Kamarei et al. (1979, 1981) systematically reduced the

amounts of sodium nitrite added to a variety of irradiated meat products, to

determine the minimum amount of sodium nitrite necessary to produce conven-

tional color and flavor in cured meats. These workers also looked at normal

(uncured) cuts of red meat. Normal commercial practices were used in pre-

paration of the samples such as curing of ham, bacon, and other cured meats,

roast of beef, pork, lamb, beefsteaks, pork sausage, etc. However, in

uncured meats, the addition of a small amount of NaCl below the salty taste

(0.5 to 1.0%), along with 0.3% condensed phosphates, was found to be useful

for improving flavor, texture, juiciness, overall consumer acceptance, and

the yield of the product (Shults et al., 1972; Cohen et al., 1977; Shults

and Wierbicki, 1980). Addition of phosphates was also found to be benefi-

cial for controlling lipid oxidation in radappertized meats, particularly in

combination with sodium ascorbate in amounts of 300 to 600 mg/kg.

Enzyme Inactivation; Since the purpose of radappertlzation is to achieve

prolonged storage of food at ambient temperatures, proteolytic enzymes in

meats must be inactivated. This is achieved by precooking the meat to an

internal temperature of 7O-75°C in the case of beefsteak (Wierbicki, 1981).

Temperatures lower than 70°C (for example to produce "rare" beefsteaks or
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roasts) can be used for the products distributed without refrigeration and

consumed within a short period after processing (within 1 to 6 months).

Wierbicki (1981) found that to obtain optimal quality products after radap-

pertization, enzyme inactivation (precooking) should be done at different

temperatures for different meats, as given below:

(1) Beef, lamb 70 to 75°C

(2) Pork 75 to 80°C

(3) Smoked bacon 53°C.

Meats were vacuum packaged in metal cans or flexible pouches

(Killoran et al., 1979). Irradiations were carried out at -30°C to -40°C to

prevent the development of off flavors by reducing production of radiolysis

products by the high doses of irradiation. A large increase in radiolysis

products starts at temperatures above -20°C for high-dose irradiated beef

(Merritt, 1980) as shown in Figure 6. Irradiation in the frozen state

(-40°C ± 10°C) results in improved flavor and acceptance of the irradiated

product (Wierbicki, 1981).

By combining all of the above-mentioned conditions, i.e., (1) add-

ing small amounts of phosphate, salt and ascorbate, (2) precooking,

(3) vacuum packaging, and (4) irradiating in the frozen state, Wierbicki

(1981) was able to produce radappertized beefsteaks that received high-

quality scores (Table 19).

5.3.1.1 Cured Meats

Irradiation sterilization of cured meats allows a drastic reduc-

tion of nitrite addition down to the levels needed only for characteristic

color and flavor, while providing protection against C. botulinum (see

Antibotulinal Activity of Nitrite). Table 20 gives the minimum additions of

nitrite required in irradiated-cured meats, in comparison with the nitrite

levels used in the nonirradiated products by industry.
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TABLE 19

SENSORY QUALITIES OF RADAPPERTIZED BEEFSTEAKS

(41 kGy at -40 ± 10°C)a

ENZYME INACTIVATION

ADDITIVES TEMPERATURE

(°C) Color

SENSORY QUALITY

Odor Flavor Texture

None 75 7.53 7.38 6.87 7.40

0.75% NaCl+

0.3% TPP° 75 7.53 7.19 7.11 7.58

(a) Adapted from Wierbicki, 1981. Values for unirradiated samples not

available.

(b) Sensory analysis done using 9-point quality score.

(c) Tripolyphosphate.

5.3.1.2 Bacon

In bacon the use of 20 mg/kg of nitrite is sufficient to get the

characteristic color desired by the consumer (Table 20). The data also show

that irradiation of vacuum-packaged nonnitrite bacon with a sterilizing dose

restored the characteristic color associated with fresh bacon, because it

reduced metmyoglobin to myoglobin in the meat pigment (Kamarei et al., 1979,

1981). The irradiated bacon received high quality scores for odor, flavor

and texture; however, it only received acceptable scores for color

(reddish-brown rather than pink) after frying (Table 21). Consumer scores

for preference of irradiated bacon cured with nitrite were also in the

acceptable range as shown in Table 22.

Although most other cured meats need to be radappertlzed in frozen

state to obtain an acceptable product, Wierbicki (1981) observed that bacon

is an exception, and that irradiation at 5°C gives just as good a product.

Hannah and Simic (1985), on the other hand, recommend freezing the samples

at -10°C, after irradiation at 3 to 5°C, for longer shelf life.
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TABLE 20

EFFECT OF IRRADIATION ON QUALITY OF MEAT

CONTAINING REDUCED LEVELS OF NITRITEa

IRRADIATED AT -30° ± 10°C

MEAT

CONTROL
mg/kg

NaN02

120°

120

IRRADIATED
mg/kg

NaN02

None

20

DOSE

(kGy)

30

30

QUALITY OF IRRADIATED

PRODUCT

Slightly different color

and flavor

Color, flavor and taste

like commercial bacon

Bacon

Ham 156

156

156

None

25

251

32 Ham-like product, texture

excellent, color different

32 Color faded

32 Color stabilized

Corned beef 156 None

156 25

26 Color different, otherwise

acceptable

26 Regular quality product

Frankfurters 156 None

156 50

32 Acceptable, different

color and flavor

32 Acceptable product,

normal color, flavor

needs improvement

(a) Data taken from Wierbicki, 1980.
(b) It also contains 25 mg/kg NaN03 which is needed to prevent color

fading.
(c) In Canada, the regulation is for 150 mg/kg of NaNO2; however,

it is in the process of being changed to 120 mg/kg.
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TABLE 21

ORGANOLEPTIC QUALITY OF RADAPPERTIZED (30 kGy at -3O"C)
aBACON CONTAINING REDUCED LEVELS OF NITRITE

NaN02

(mg/kg)

0

20

40

Ascorbate

and

Erythorbate

(mg/kg)

550

550

550

6

6

7

Color

.2 ±

.7 ±

.2 ±

1

1

1

.5

.1

.0

6

6

6

.8

.9

.9

ORGANOLEPTIC QUALITY

Odor

± 1

± 1

± 1

.2

.0

.0

6

6

6

Flavor

.3 ±

.0 ±

.6 ±

2.3

2.0

1.4

Texture

6

6,

6.

.5

.8

.7

±1

±1

±1

.7

.1

.3

(a) Data taken from Wierbicki, 1981. Values of unirradlated samples not
available.

(b) 1:1 mixture of sodium salts of ascorbate and erythorbate.

TABLE 22

PREFERENCE RATING OF RADAPPERTIZED (30 kGy at -30°C)

BACON BY CONSUMER PANEL8

NaN02

(mg/kg)

Ascorbate

and

Erythorbate

(mg/kg)

PREFERENCE SCORES

Unirradiated Control Irradiated

0

20

40

550

550

550

6.3 ± 1.4

6.4 ± 1.8

6.8 ± 1.7

5.3 ± 1.8

5.9 ± 1.9

5.9 ± 1.9

(a) Data taken from Wierbicki, 1981 (35-membered panel).
(b) 1:1 mixture of sodium salts of ascorbate and erythorbate.
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5.3.1.3 Ham

Ham with characteristic flavor and odor can be produced with re-

duced sodium nitrite (25 mg/kg) and irradiation. However, as shown in

Table 23, some nitrate must also be added to produce shelf stable color

(Wierblcki and Brynjolfsson, 1979). The minimum nitrate concentration

required was shown to be 25 mg/kg (Wierbicki and Brynjolfsson, 1979).

TABLE 23

EFFECT OF NITRATE ON COLOR FADING IN REHEATED HAM,

EVALUATED AT 0 and 2 HOURS AFTER EXPOSURE TO AIR AT 21°C£

SCORE - COLOR FADING

NaNO2 NaNO3
(mg/kg (mg/kg)

Nonirradiated 32 kGy at -40°C

25

50

75

25

25

2(h) 2(h)

0

0

0

25

50

7.8

7.5

7.6

7.6

7.4

6.4

6.4

6.4

6.4

6.4

6.9

6.3<

7.1

7.8<

7.8C

c,d

c,d
4.6

5.2

6.3

6.5€

c,d

d.e

(a) Data taken from Wierbicki and Brynjolfsson, 1979
(b) Other additives: 2.4% NaCl, 0.3% sodium tripoly-

phosphate and 550 mg/kg sodium ascorbate-
isoascorbate 1:1 mixture.

(c,d,e) Means with the same letter within the column are
not significantly different.
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5.3.2 Organoleptic Analysis of Radurized Meats

Wierbicki and Heiligman (1980) reported results on organoleptic

quality and consumer preference on bacon containing 0 and 20 nig/kg nitrite

and irradiated with a dose of 7.5 kGy (Table 24). The bacon cured without

nitrite received fairly acceptable ratings, except for the rating for color.

However, this difference in color did not affect the consumer preference

score (see Table 24). The scores were much better for bacon containing

20 mg/kg nitrite. Compared with the corresponding unirradiated control

values, the commercial sample of bacon containing 120 mg/kg nitrite indica-

ted some differences but perhaps they are statistically not significant.

TABLE 24

ORGANOLEPTIC QUALITY AND CONSUMER PREFERENCE SCORE ON

RADURIZED (7.5 kGy) BACON WITH REDUCED NITRITE3

NaNO-, Dose
(mg/kg) (kGy)

Color

Organoleptic Quality

Odor Flavor Texture

Preference
Score
M + SD

0

20

7.5

7.5

(Control) 0
120b

3.9 ± 1.5 6.3 ± 1.1 5.7 ± 1.2 5.0 ± 1 5.3 ± 1.9

6.8 ± 1.2 7.0 + 1.2 7.0 ± 0.7 7.0 ± 0.9 6.5 ± 1.7

7.9 ± 0.6 7.4 ± 0.7 7.2 ± 0.7 7.2 ± 1.0 7.2 ± 1.0

(a) Data taken from Wierbicki and Heiligman, 1980b
(b) Control, nonirradiated, commercially cured bacon sample

kept frozen until the test
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5.4 EFFECT OF IRRADIATION ON NUTRITIONAL QUALITIES OF MEATS

Irradiation does not seem to cause loss of nutritional quality in

foods, in the majority of cases (Graham, 1980; Murray, 1983). Typical

compositions of meats and cured meats are shown in Table 25. Taub et al.

(1979) have shown that irradiation of meat at -40°C leads to only minor and

acceptable changes in the protein. A similar conclusion can be drawn from

the results of Tajuma et al. (1970), Wierbicki et al. (1976) and Graham

(1980).

TABLE 25

TYPICAL COMPOSITION OF MEATS AND CURED MEATS

TYPICAL COMPOSITION OF

MEATS AND CURED MEATS

Bacon

Corned Beef

Frankfurters (mixed)

Ham (cured)

Hamburger (regular)

Salami (dry)

Water (%)

36.8

54.2

56.5

56.5

60.2

29.8

Protein (%)

10.7

15.8

13.1

17.5

17.9

23.8

Fat (Z)

49.1

25.0

25.5

23.0

21.2

38.1

McGown et al. (1979a) compared the ability of gamma-irradiated and

electron-irradiated beef to replete thiamine deficient rats (Murray, 1983)

No difference was found among the meat fed groups with respect to growth,

erythrocyte transketolase activity and thiamine pyrophosphate effect. This
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led to the conclusion that radappertized beef contains no antithiamine

properties (McGown et al., 1979a). A similar conclusion was reached for

radappertized chicken (McGown et al., 1979b; Graham, 1980).

Amongst the vitamins, C, E and K are fairly radiation sensitive

(Basson, 1983b; Graham, 1980). Vitamins B and E are relatively radiation

stable in the absence of oxygen. Effects of radiation on thiamine, niacin,

riboflavin and pyridoxine are shown in Table 26. The radiation sensitivity

of each of these seems to vary from meat to meat.

TABLE 26

PERCENT RETENTION OF VITAMINS IN MEATS PROCESSED BY VARIOUS METHODS
a,b

MEAT

VITAMIN

Process

Radiation

Dose (kGy)

Thiamine

Riboflavin

Niacin

Pyridoxine

Ham

Thermal

0

32

109

46

57

c

Co60

Irradn.

45

85

123

76

92

Pork

Thermal

0

20

81

65

84

d

Co60

Irradn.

45

85

78

78

98

Thermal

0

40

86

104

84

Beef6

Co"

Irradn.

43-71

40

96

105

90

Electron

Irradn.

43-71

60

96

105

84

(a) From Graham, 1980.
(b) All values are as % retention, as compared to the values in relevant

controls.
(c) Shelf-stable ham.
(d) Shelf-stable pork loin.
(e) Enzyme-inactivated beef.
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6. RECOMMENDATIONS

6.1 BACON

(1) Further work is needed on the radurization (irradiation up to

10 kGy) of bacon with reduced nitrite. On radurization, extension

of shelf life from ~30 to >80 days is obtained; however, the

C. botulinum spores remain viable and, if there is inadvertent

temperature abuse, the spores could germinate. This problem also

exists in the presence of nitrite under conditions of excessive

contamination or prolonged temperature abuse. Nitrite does not

indefinitely prevent the outgrowth of £. botulinum spores. In the

case of radurization, it would be safer to include an indicator of

temperature abuse and an inhibitor of clostridium spore germina-

tion in the package such as a lactobacillus species. This bac-

terial species produces lactic acid on temperature abuse. This

lowers the pH and clostridium spores do not germinate. These

bacteria also cause souring and gas production in the package

which can serve as an indicator of spoilage. Optimization of

application of lactobacilli to bacon for radurization process is

needed.

(2) Possible use of radappertization of bacon (irradiation at 26.5 to

30 kGy) in Canada could be discussed with the industry. Radapper-

tization in conjunction with low levels of nitrite (e.g., 20 to

40 mg/kg) does not show formation of any nitrosamines. On the

other hand, in bacon sold commercially and containing 120 (U.S.)

or 150 (Canada) mg/kg of nitrite, nitrosamines are detected in

both the raw and cooked meat.

(3) We need to determine whether there is a threshold value of nitrite

to control clostridium spore germination, and whether the initial

or final concentration of nitrite is the important variable.
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(4) We need a detailed comparison of the products formed (detailed

chemical analysis) from cooked bacon, that has been variously

treated as follows:

(i) conventional bacon (with 120 to 150 mg/kg nitrite);

(ii) radurization with low level of nitrite;

(iii) radurization with low level of nitrite, in the presence of a

lactic acid producing bacteria;

(Iv) radappertization with low level of nitrite;

(v) Vitamins C and E with conventional levels of nitrite;

(vi) sorbate with low levels of nitrite, and

(vii) lactobacilli with low levels of nitrite.

This comparison could also help answer the question (Zurer, 1986)

as to whether there are any unique radiolytic products in irradia-

ted foods.

(5) We need reliable organoleptic data:

(i) to fill any gaps that exist, and

(li) to provide information for industry and concerned consumers.

(6) Cost analysis is needed on the:

(i) economic benefit of the extension of shelf life of bacon,

and

(ii) use of irradiation in plants of different capacities, across

Canada/U.S.A.

6.2 SPINOFF RESEARCH AND DEVELOPMENT

(1) In fatty foods where lipid peroxidation prevents or limits the use

of radiation for shelf life extension, the use of low levels of

nitrite could be considered in conjunction with radiation and

other antioxidants. Some examples that come to mind are milk,

cheeses and fresh fatty fish.
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In foods like milk and cheese, lipid peroxldatlon can be initiated

both due to free radicals formed in the aqueous phase and to those

formed in the lipid/fat phase. Thus, ideally, one would need

antioxidants in each phase, e.g., one could have a low level of

Vitamin E as the lipid-phase antioxidant and a low level of

nitrite as the aqueous-phase antioxidant.

(2) Research and development is needed to determine the role of

nitrite as a function of pH in prevention of lipid peroxidation.

The dinitrogen trioxide formed from nitrite depends on pH which,

in turn, gives *N0 and *N02 radicals. It is likely these latter

species which inhibit lipid peroxidation by scavenging peroxy

radicals. An understanding of the mechanism of its action may

make it a useful additive in other foods in conjunction with

irradiation.
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Preservation of Food by Ionizing Radiation (Eds. E.S. Hosephson and
M.S. Peterson), Vol. II, p. 75, CRC Press, Inc., Boca Raton, Florida.

Nicol, D.J., M.K. Shaw, and D.A. Ledward. 1970. Hydrogen sulfide produc-
tion by bacteria and sulfmyoglobin formation in prepacked chilled beef.
Appl. Microbiol. 1£, p. 937.

Niemand, J.G. 1981. Extension of the shelf life of meat by means of
ionising radiation. D.Sc. thesis. University of Pretoria.

Niemand, J.G., H.J. van der Linde, and W.H. Holzapfel. 1981. Radurization
of prime beef cuts. J. Food Prot. ¥*_, p. 677.

Nitrite Safety Council. 1980. A survey of nitrosamines in sausages and
dry-cured meat products. Food Technol. _34_, p. 45.

Niven, C.F., Jr. 1958. Microbiological aspects of radiation preservation
of food. Ann. Rev. Microbiol. \2_, p. 507.

Ockerman, H.W. and C.S. Organisciak. 1978. Influence of continuous versus
intermittent tumbling on brine (salt, sugar, and nitrite diffusion in
porcine tissue). J. of Food Protection 41^ (11):8.78.

Oda, H., H. Tsubone, A. Suzuki, T. Ichinose, and K. Kubota. 1981. Altera-
tions of nitrite and nitrate concentrations In the blood of mice ex-
posed to nitrogen dioxide. Environ. Res. 2_5_, p. 294.

Palmin, V.V., M.P. Silaev, M.P. Makarova, and V.K. Prizenko. 1974.
Perspectives of the radurization of meat product. Acta Alimentaria 3̂ ,
p. 133.

Parks, N.J., K.A. Krohn, C A . Mathis, J.H. Chasko, K.R. Geiger, M.E. Gregor,
and N.F. Peeks. 1981. Nitrogen-13-labeled nitrite and nitrate: Dis-
tribution and metabolism after intratracheal administration. Science
212, p. 58.

Patterson, R.L-S. and D.S. Mottram. 1974. The occurrence of volatile
amines in uncured and cured pork meat and their possible role in nitro-
samine formation in bacon. J. Sci. Food Agric. 25_, p. 1419.

Pearson, A.M., J.I. Gray, A.M. Wokzak, N.A. Horenstein. 1983. Safety
implications of oxidized lipids in muscle foods. Food Technology, July
p. 121.



- 103 -

Pegg, A.E. 1977. Formation and metabolism of alkylated nucleosides.
Possible role In carclnogenesls by nltroso compounds and alkylatlng
agents. Adv. Cancer Res. ̂ 5_, p. 195.

Pennington, J.A.T. and H.N. Church. 1980. ln^Bowes and Church's Food
Values of Portions Commonly Used. Harper & Row, New York, Cambridge,
Hagerstown, Philadelphia, San Francisco, London, Mexico City, Sao
Paulo, and Sydny, p. 136.

Pensabene, J.W., W. Fiddler, R.A. Gates, J.C. Fagan, and A.E. Wasserman.
1974. Effect of frying and other cooking conditions on nitrosopyrroli-
dine formation in bacon. J. Food Sci. 39_, p. 314.

Pensabene, J.W., W. Fiddler, A.J. Miller, and J.G. Phillips. 1980. Effect
of preprocessing procedures for green bellies on N-nitrosopyrrolidine
formation in bacon. J. Agric. Food Chem. 2%, 966.

Peryam, D.R. and F.J. Pilgrim. 1957. Hedonic scale method of measuring
food preferences. Food Technol. JJ_, Supp. 9.

Pierson, M.D., L.A. Smoot, and N.J. Stern. 1979. Effect of potassium
sorbate on growth of Staphylococcus aureus in bacon. J. Food Prot.
42, p. 302.

Pierson, M.D., K.M. Rice, and J.F. Jadlocki. 1981. Sodium hyposphosphite
inhibition of Clostridium botulinum in bacon. Vcr. Proc. of 27th
European Meat Research Workers Cong., Vol. 2, p651, Vienna, Austria.

Polenske, E. 1891. Uber den Verlust, welchen das Rinkfleisch und Nahrwert
durch das Pokein erleidet, sowie Uber die VerSnderungen salpeter-
haltiger Pokellaken. Arb. K. GesundhAmt 7, 471. Quoted in F.F. Binkerd
and O.E. Kolari (1975). The history and use of nitrate and nitrite in
the curing of meat. Food Cosraet. Toxicol. 1_3_, p. 655.

Powers, E.L. and K.D. Held. 1979. The oxygen effects in radiation biology
and radiation chemistry. _In̂  Radiation Biology and Chemistry Research
Developments, (Eds. H.E. Edwards, S. Navaratnam, B.J. Parsons and
G.O. Phillips), Elsevier Scientific Publishing Co., Amsterdam, p. 371.

Preussmann, R., G. Eisenbrand, and B. Spigelhalder. 1979. Occurrence and
formation of N-nitroso compounds in the environment and in vivo. In:
Environmental Carcinogenesis, (Eds. P. Emmelot and E. Kriek).
Elsevier/North-Holland Biomedical Press, Amsterdam, Holland.

Preussmann, R., E. Schmaehl, G. Eisenbrand, and R. Port. 1976. Dose-
response study with N-nitrosopyrrolidine and some comments on risk
evaluation of environmental N-nitroso compounds. Proc. 2nd Int. Symp.
Nitrite Meat Prod., Zeist, Pudoc, Wegeningen, p. 261.

Price, S., H.G. Schneider, and W.R. Usborne. 1976. A review of recent pork
processing technology with recommendation for research. Agriculture
Canada Contract SWO2-O1587-1O1.



- 104 -

Price, J.F. and B.S. Schweigert. 1971. The Science of Meat and Meat Pro-
ducts, 2nd Edition W.H. Freeman and Company, San Francisco, CA.,
p. 465.

Proctor, B.E., S.A. Goldblith, C.J. Bates, and O.A. Hammerle. 1952.
Biochemical prevention of flavor and chemical changes in foods and
tissues sterilized by ionizing radiations. Food Technol. (Chicago), 6̂
p. 237.

Pryor, W.A. 1976- The role of free radical reactions in biological
systems. ^2. F r e e Radicals in Biology (Ed. W.A. Pryor), Vol. II, p. 1.

Pryor, W.A. and J.W. Lightsey. 1981. Mechanisms of nitrogen dioxide reac-
tions: Initiation of lipid peroxidation and the production of nitrous
acid. Science 214, p. 435.

Pryor, W.A., J.P. Stanley, and E. Blair. 1976. Autoxidation of polyunsatu-
rated fatty acids: II. A suggested mechanism for the formation of
TBA-reactive materials from prostaglandin-like endoperoxides. Llpids
11, p. 370.

Read, J.R. and J.G. Bradshaw. 1967. Y~Irrac'iation of Staphylococcal
enterotoxin B. Appl. Microbiol. J^, p. 603.

Reith, J.F. and M. Szakaly. 1967a. Formation and stability of nitric oxide
myoglobin. I. Studies with model systems. J. Food Sci. 31, p. 188.

Reith, J.F. and M. Szakaly. 1967b. Formation and stability of nitric oxide
tnyglobin. II. Studies on meat. J. Food Sci. j}2_, p. 194.

Renerre, M. and P. Rougie. 1979. Effect of heating on binding of nitrite
to myoglobin. Ann. Technol. Agric. 2|8_, p. 423.

Roberts, T.A. 1968. Resistance of spores of Clostridium welchii. In
Elimination of Harmful Organisms from Food and Feed Irradiation. Intl.
Atomic Energy Agency, Vienna.

Roberts, T.A., C.R. Britton, and N.N. Shroff. 1979. The effect of pH,
water activity, sodium nitrite and incubation temperature on growth of
bacteria isolated from meats. Tti^ Food Microbiology and Technology.
(Eds. B. Jarvis, J.H.B. Christian and H.D. Michener). Medicinea Viva,
Parma, Italy, p. 57.

Roberts, T.A. and A.M. Gibson. 1986. Chemical methods for controlling
Clostridium botulinum in processed meats. Food Technol. 40, p. 163.

Roberts, T.A., A.M. Gibson, and A. Robinson. 1981a. Factors controlling
the growth of Clostridium botulinum types A and B in pasteurized, cured
meats. I. Growth in pork slurries prepared from "low" pH meat (pH
range 5.5-6.3). J. Food Technol. JL6_, p. 239.

Roberts, T.A., A.M. Gibson, and A. Robinson. 1981b. Factors controlling
the growth of Clostridium botulinum types A and B in pasteurized, cured
meats. II. Growth in pork slurries prepared from "high" pH meat (pH
range 6.3-6.8). J. Food Technol. 16, p. 267.



- 105 -

Roberts, T.A., A.M. Gibson, and A. Robinson. 1981c. Prediction of toxin
production by Clostridium botulinum in pasteurized pork slurry.
J. Food Technol. Jj^, p. 337.

Roberts, T.A-, A.M. Gibson, and A. Robinson. 1982. Factors controlling the
growth of Clostridium botulinum types A and B in pasteurized cured
meats. III. The effect of potassium sorbate. J. Food Technol. 17,
p. 307.

Roberts, T.A., B. Jarvis, and A.C. Rhodes. 1976. Inhibition of Clostridium
botulinun by curing salts in pasteurized pork slurry. J. Food
Technol. l\_, p. 25.

Roberts, T.A. and J-L. Smart. 1977. The occurrence of clostridia, particu-
larly Clostridium botulinum in bacon and pork. lt^ "Spores 1976," (Eds.
J. Wolf, A.N. Barker, D.J. Ellar, G.J. Dring and G.W. Gould), Academic
Press, London, p. 911.

Roberts, T.A. and J. Thomas. 1982. Germination and outgrowth of single
spores of Clostridium botulinum and putrefactive anaerobes. J. Appl.
Bacteriol. 53̂ , 317.

Robinson, A., Gibson, A.M., and T.A. Roberts. 1982. Factors controlling
the growth of Clostridium botulinum types A and B in pasteurized meats.
V. Prediction of toxin production: Non-linear effects of storage
temperature and salt concentration. J. Food Technol. J7^, p. 727.

Robinson, D.A. 1981. Infective dose of Campylobacterjejuni in milk. Brit•
Med. J. 282_, p. 1584.

Robinson, D.A-, W.J. Edgar, G.L. Gibson, A.A. Matchett, and L. Robertson.
1979. Campylobac ter enteritis associated with consumption of
unpasteurized milk. Brit. Med. J. 1, p. 1171.

Roth, L.A., D.S. Clark. 1972. Studies on the bacterial flora of vacuum
packaged fresh beef. Can. J. Microbiol. 18^, p. 1761.

Rowley, D.B. and A. Brynjolfsson. 1980. Potential uses of irradiation in
the processing of food. Food Technol. 3b_, p. 75.

Rowley, D.B., R. Firstenberg-Eden, E.M. Powers, G. Shattuck, A.E. Wasserman,
and E. Wierbicki. 1983. Effect of irradiation on the inhibition of
Clostridium botulinum and the microbial flora of bacon. J. Food Sci.
48_, p. 1016.

Samuel, A-H. and J.L. Magee. 1953. Theory of radiation chemistry. II.
Track effects in radiolysis of water. J. Chem. Phys., 7\_, p. 1080.

Sander, J. and F. Swhweinsberg. 1972. In vivo and in vitro experiments on
the formation of N-nitroso compounds from amines or amides and nitrate
or nitrite. In. N-NItroso Compounds Analysis and Formation. (Eds.
P. Bogovski, R. Preussman, and E.A. Walker). International Agency for
Research on Cancer, Lyon, Scientific Publication No. 3, p. 97.



- 106 -

Sanner, T., G. Kovacs-Proszt, and S. Nitkowski. 1974. Aspects of the
effect of ionizing radiation on enzymes. JjL Improvements of Food
Quality by Irradiation. IAEA-PL-561/7.

Sato, K. and G.R. Hagerty. 1971. Warmed-over flavor in cooked meats.
J. Food Sci. 36_, p. 1098.

Scanlan, R.A. 1975. N-nitrosamines in foods. Crit. Rev. Food Techno1.
5_, p. 357.

Schmahl, D. 1980. Risk assessment of N-nitroso compounds for human health.
Oncology 37_, p. 193.

Schmidt, G.R. 1982. Tumbling and massaging equipment- The National
Provisioner, April 3:77.

Schmidt, G.R. and L. Solomon. 1980. Tumbling tips. Meat Industry,
November:52.

Schwartz, H.A. 1969. Application of the spur diffusion model to the radia-
tion chemistry of aqueous solutions. J. Phys. Chem. _73̂  1928.

Sebranek, J.G. 1979. Advances in the technology of nitrite use and consi-
deration of alternatives. Food Technol. ̂ 3_, p. 58.

Sebranek, J.G., R.G. Cassens, W.G. Hockstra. 1973. Fate of added nitrite.
Proc. Int. Symp. Nitrite Meat Prod., Zeist, Pudoc. Wageningen, p. 139.

Sen, N.P. 1980. Nitrosamines. 2°_ Safety of Foods. (Ed. H.D. Graaham),
AVI Publishing Co., Westport, CT., p. 319.

Sen, N.P. and B. Donaldson. 1974. The effect of ascorbic acid and gluta-
thione on the formation of nitrosopiperazines from piperazine adipate
and nitrite, ^n: N-Nitroso Compounds in the Environment. (Eds. P.
Bogovski, E.A. Walker and W. Davis.) IARC Scientific Publication.
No. 9.

Sen, N.P., B. Donaldson, S. Seaman, J.R. Iyengar, and W.F. Miles. 1977.
Recent studies in Canada on the analysis and occurrence of volatile and
non-volatile N-nitroso compounds in foods. Presented at the 5th IARC
meeting on Analysis and Formation of N-nitroso Compounds, August 22-24,
1977. University of New Hampshire, Durham, N.H.

Sen. N.P. and W.P. McKinley. 1974. Meat curing agents as one source of
nitrosamines. Proc. IV Int. Congress Food Sci. and Technol. Vol. Ill,
p. 476.

Sen, N.P., W.F. Miles, B. Donaldson, T. Panalaks, and J.R. Iyengar. 1973.
Formation of nitrosamines in a meat curing mixture. Nature (London)
245, p. 104.

Shahidi, F., J.L. Rubin, L.L. Diosady, V. Chew, and D.F. Wood. 1984.
Preparation of the cooked cured-Meat pigment, dinitrosyl ferrohemo-
chrome from hemin and sodium nitric oxide. Can. Inst. Food Sci.
Technol. J. JJ_, p. 33.



- 107 -

Shahidi, F., J.L. Rubin, L.L. Diosady, and D.F. Wood. 1985. Preparation of
the cooked cured-Meat pigment, dinitrosyl ferrohemochrome from herain
and sodium nitric oxide. J. Food Sci. ̂ 0_, p. 272.

Shults, G.W., J.S. Cohen, and E. Wierbicki. 1975. Radiation-inactivation
of proteases as determined by a 1J*C-labeled hemoglobin method. Tech.
Rep. 76-33 FEL. U.S. Army Natick R&D Command, Natick, Mass.

Shults, G.W., D.R. Russell, and E. Wierbicki. 1972. Effect of condensed
phosphates on pH, swelling and water-holding capacity of beef. J. Food
Sci., 3_7_, 860.

Shults, G.W. and E. Wierbicki. 1980. Development of irradiated restruc-
tured lamb. Proc. 26th EMMRW, Colorado Springs E-10.

Siedler, A.J. and B.S. Schweigert. 1959. Biochemistry of myoglobin:
Effects of heat, nitrite level, iron salts, and reducing agents on
formation of denatured nitrosomyoglobin. J. Agric. Food Chem. 7_,
p. 271.

Silliker, J.H. and S.K. Wolfe. 1980. Microbiological safety considerations
in controlled-atmosphere storage of meats. Food Technol. 34, p. 59.

Simard, R.E., J. Zee, and L. L'Heureux. 1984. Microbial growth in carcas-
ses and boxed beef during storage. J. Food Protect. i*7_, (10) p. 773.

Simic, M.G. 1983. Radiation chemistry of water-soluble food components.
In Preservation of Food by Ionizing Radiation (Eds. E.S. Josephson and
M.S. Peterson). Vol. II, p. 1. CRC Press, Inc., Boca Raton, Florida.

Simic, M.G., M. Dizdaroglu, and E. DeGraff. 1983. Radiation chemistry -
extravaganza or an internal component of radiation processing of food.
Radiation Physics Chemistry, 21, p. 233.

Simmons, N.A. and F.J. Gibbs. 1979. Campylobacter spp. in oven-ready
poultry. J. Infect 1_, p. 159.

Simon, S-, D.E. Ellis, B.D. MacDonald, D.G. Miller, R.C Waldman, and
D.0. Westerberg. 1973. Influence of nitrite and nitrate curing ingre-
dients on quality of packaged frankfurters. J. Food Sci. 3_8_, p. 919.

Simunovic, J., J.L. Oblinger, and J.P. Adams. 1985. Potential for growth
of nonproteolytic types of Clostridium botulinum in pasteurized
restructured meat products: A review. J. Food Protect. 48^ p. 265.

Singh, A. 1978. Introduction: Interconversion of singlet oxygen and rela-
ted species. Photochem. Photobiol. J28_, p. 429.

Singh, A. and H. Singh. 1982. Time-scale and nature of radiation-
biological damage: approaches to radiation therapy. Prog. Biophys.
Molec. Biol. 39, p. 69.



- 108 -

Sink, J.D. and L.A. Hsu. 1977. Chemical effects of smoke processing on
frankfurter manufacture and storage characteristics. J. Food Sci.
42, p. 1489.

Smith, M.G. and A. Graham. 1978. Destruction of E. coli and Salmonella on
mutton carcasses by treatment with hot water. Meat Sci. JJ, p. 119.

Sofos, J.N. and F.F. Busta. 1980. Alternatives to the use of nitrite as an
antibotulinal agent. Food Technol. ̂ 4_, p. 244.

Sofos, J.N., F.F. Busta, and C.E. Allen. 1979. Botulism control by nitrite
and sorbate in cured meats: A review. J. Food Protect. ji2_, p. 739.

Spinelli-Gugger, A.M., L. Lakritz, and A.E. Wasserman. 1980. Effect of
processing on the amino acid composition and nitrosamine formation in
pork belly adipose tissue. J. Agric. Food Chem. 2%, 1980.

Stein, G. and M. Tomkiewicz. 1970. Radiation chemistry of gelatin gels
containing ferricyanide. Radiat. Res. ̂ 3_, p. 25.

Steinke, P.K-W. and E.N. Foster. 1951. Botulinum toxin formation in liver
sausage. Food Res. JL6_, p. 477.

Stone, H. and J. Sidel. 1985. Sensory evaluation practices. Academic
Press Inc.

Sullivan, R., A.C Fassolitis, E.P. Larkin, R.B. Read, and J.T. Peeler.
1971. Inactivation of thirty viruses by gamma radiation- Appl.
Microbiol. 22_, p. 61.

Sullivan, R., P.V. Scarpino, A.C. Fassolitis, E.P. Larkin, and J.T. Peeler.
1973. Gamma radiation inactivation of coxsackie virus B-2. Appl.
Microbiol. lh_, p. 14.

Sutherland, J.P., J.T. Patterson, and J.G. Murray. 1975. Changes in the
microbiology of vacuum-packaged beef. J. Appl. Bacteriol 39_t p. 227.

Taclindo, C , T. Midura, G.S. Nygaard, and H.L. Bodily. 1967. Examination
of prepared foods in plastic packages for Clostridium botulinum. Appl.
Microbiol. 1_5_, p. 426.

Tajuma, M., M. Morita, and M. Fujimaki. 1970. Effect of gamma-irradiation
on carbonyl compounds and free amino acids in weiner sausage.
Agriculture and Biological Chemistry, 34^ p. 1859.

Tanaka, N., N.M. Gordon, R.C Lindsay, L.M. Meske, M.P. Doyle, and
E. Traisman. 1985. Sensory characteristics of reduced nitrite bacon
manufactured by the Wisconsin Process. J. Food Prot. AS, p. 687.

Tanaka, N., L. Meske, M.P. Doyle, E. Traisman, D.W. Thayer, and
R.W. Johnston. 1985. Plant trials of bacon made with lactic acid
bacteria, sucrose and lowered sodium nitrite. J. Food Protec. 48,
p. 679.



- 109 -

Tanaka, N., E. Traisman, M.H. Lee, R.G. Cassens, and E.M. Foster. 1980.
Inhibition of botulinum toxin formation in bacon by acid development.
J. Food Prot. b3_, p. 450.

Tannenbaum, S.R., A.J. Sinskey, M. Weisman, and W. Bishop. 1974. Nitrite
in human saliva; its possible relation to nitrosamine formation.
J. Nat. Cancer Inst. !̂3_» P" 7 9 #

Tarladgis, B.G. 1962a. Interpretation of the spectra of meat pigments. I.
Cooked meats. J. Sci. Food Agric ^3_, p. 481.

Tarladgis, B.G. 1962b. Interpretation of the spectra of meat pigments.
II. Cured meats. The mechanism of colour fading. J. Sci. Food Agric.
jj^, p. 485.

Taub, I.A. 1981. Radiation chemistry and the radiation preservation of
food. J. Chem. Educ. 58^ p. 162.

Taub, I.A. 1983- Reaction mechanisms, irradiation parameters, and product
formation. _Ir̂  Preservation of Food by Ionizing Radiation, (Eds.
E.S. Josephson and M.S. Peterson), Vol. II, p. 125, CRC Press, Inc.,
Boca Raton, Florida.

Taub, I.A., R.A. Kaprielian, J.W. Walker, J.W. Halliday, P. Angelini, and
C. Merritt, Jr. 1979a. Factors affecting radiolytic effects in food.
Radiat. Phys. Chem. 1^, p. 639.

Taub, I.A., F.M. Robbins, M.G. Simic, J.E. Walker, and E. Wierbicki. 1979b.
Effect of irradiation on meat products. Food Technol. May issue,
p. 184.

Terrell, R.N. 1981. New technologies of curing. Proceedings Meat Pro-
cessing Conference. April 2, 1981. University of California. Davis.

Theno, D.M., D.G. Siegel, and G.R. Schmidt. 1977. Meat massaging tech-
niques. Proceedings. Meat Industry Research Conference. University
of Chicago. March 24-25, 1977.

Tinbergen, B.J. and B. Krol. 1977. Proceedings of Second International
Symposium on Nitrite in Meat Products. PUDOC, Wageningen, Netherlands.

Todd, E.C.D. 1978. Food-borne disease in six countries-A comparison.
J. Food Prot. 4^, p. 559.

Tompkin, R.B., L.N. Christiansen, A.B. Shaparis, and H. Bohn. 1974. Effect
of potassium sorbate on salmonellae, Staphylococcus aureus, Clostridium
perfringens and Clostridium botulinum in cooked, uncured sausage.
Appl. Microbiol. J28_, p. 262.

Tompkin, R.B., L.N. Christiansen, and A.B. Shaparis. 1976. Clostridium
botulinum. In Food Microbiology: Public Health and Spoilage Aspects,
(Eds. M.P. Defigueredo and D.F. Splittstoesser), The AVI Publishing Co.
Inc., Westport, CT., p. 156.



- 110 -

Tompkin, R.B. 1980. Botulism from meat and poultry products - A historical
perspective- Food Technol. V\_, p. 229.

Tompkin, R.B. 1983. Nitrite. Chpt. 8 in "Antimicrobials in Foods," ed.
A.L. Branen and P.M. Davidson, p. 205. Marcel Dekker, Inc., New York.

Tompkin, R.B. 1984. Indirect antimicrobial effect in foods: Phosphates.
J. Food Safety 6^, p. 13.

Tompkin, R.B., L.N. Christiansen, and A.B. Shaparis. 1978a. Enhancing
nitrite inhibition of Clostridium botulinum with isoascorbate in
perishable canned cured meat. Appl. Environ. Microbiol. 3_5_, p. 59.

Tompkin, R.B., L.N. Christiansen, and A.B. Shaparis. 1978b. Antibotulinal
role of isoascorbate In cured meat. J. Food Sci. 43_, p. 1368.

Tompkin, R.B. L.N. Christiansen, and A.B. Shaparis. 1978c Effect of prior
refrigeration on botulinal outgrowth in perishable canned cured meat
when temperature abused. Appl. Environ. Microbiol. J5_, p. 863.

Underal, B., Nordal, J., Lunde, G., and Eggum, B. 1973. The effect of
ionizing radiation on the nutritional value of fish (cod) protein.
Lebensm.-Wiss. Technol., 6, p. 90.

Urbain, W.M. 1972. The low-dose radiation preservation of retail cuts of
meat. Proceedings of a Symposium on Radiation Preservation of Food.
November 1972. Bombay.

Urbain, W.M. 1978. Adv. Food Res. 24, p. 155.

USDA. 1979a. Acid producing microorganisms in meat products for nitrite
dissipation. Fed. Regist., February 13, 44:9372.

USDA. 1979b. Food safety and quality service four plant study to investi-
gate the use of 40 ppm sodium nitrite and 0.26 percent potassium
sorbate in bacon. Food Safety Quality Service, U.S. Department of
Agriculture, Washington, D.C. 54 pp.

Vanderzant, C , M.O. Hanna, J.G. Ehlers, J.W. Savell, G.C. Smith,
D.B. Griffin, R.N. Terrell, K.D. Lind, D.E. Galloway. 1982. Cen-
tralized packaging of beef loin steaks with different oxygen-barrier
films: microbiological characteristics. J. Food Sci. 47_, p. 1070.

Vernon, E. 1977. Food poisoning and Salmonella infections in England and
Wales. 1973-75. Publ. Hlth., London 91_, p. 225.

Walder, M. 1982. Epidemiology of Campylobacter enteritis. Scand.
J. Infect. Dis. U_, 27.

Wasserman, A.E., W. Kimoto, J.C. Phillips. 1977. Consumer acceptance of
nitrite-free bacon. J. Food Prot. 40_, p. 683.

Watts, B.M. and B.T. Lehmann. 1952. The effect of ascorbic acid on the
oxidation of hemoglobin and the formation of nitric oxide hemoglobin.
Food Res. 17:100-108.



- Ill -

Weiss, T.J., R. Green, and B.M. Watts. 1953. Effect of metal ions on the
formation of nitric oxide hemoglobin. Food Res. JJ5, p. 11.

White, R.H., J.W. Howard, and C.J. Barnes. 1971. Determination of poly-
cyclic aromatic hydrocarbons in liquid smoke flavors. J. Agr. Food
Chem. 19j p. 143.

White, J.W. Jr. 1975. Relative significance of dietary sources of nitrate
and nitrite. J. Agric. Food Chem. ̂ 3_, p. 886.

White, J.W. Jr. 1976. Relative significance of dietary sources of nitrate
and nitrite. J. Agric. Food Chem. 2A_, p. 202.

Wierbicki, E. 1980. Technology of irradiation preserved meats. Proc.
26th EMMRW, Colorado Springs E-8.

Wierbicki, E. 1981. Technological feasibility of preserving meat, poultry
and fish products by using a combination of conventional additives,
mild heat treatment and irradiation, p. 181, Intl. Atomic Energy
Agency, SM-250/24, Vienna.

Wierbicki, E. and A. Brynjolfsson. 1979. The use of irradiation to reduce
or eliminate nitrite in cured meats. Proc. 25th EMMRW, Budapest 8.2.

Wierbicki, E., F. Heiligman. 1973. Shelf stable cured ham with low
nitrite-nitrite additions preserved by radappertization. Proc. Int.
Symp. Nitrite in Meat Prod., Zeist, p. 189, PUDOC, Wageningen.

Wierbicki, E., F. Heiligman. 1980. Irradiated bacon without and with
reduced addition of nitrite. Proc. 26th EMMRW, Colorado Spings E-9.

Wierbicki, E., F. Heiligman, A.E. Wasserman. 1976. Irradiation as a con-
ceivable way of reducing nitrites and nitrates in cured meats. Proc.
2nd Int. Symp. "Nitrite in Meat Products," Zeist, PUDOC. Wageningen
75.

Wierbicki, E., F. Heiligman, A.E. Wasserman. 1979. Cured meats with
reduced nitrite preserved by radappertization. Proc. 20th EMMRW,
Dublin 101.

Williams, J.C. and B.E. Greene. 1979. Plate waste of bacon cured with and
without sodium nitrite. J. Food Sci. ¥*_, p. 1260.

Wishnok, J.S. 1979. Quantitative aspects of exposure and mechanism in
N-nitrosamine carcinogenesis. _In_: N-nitrosamines. (Ed.
J.P. Anselme). Am. Chem. Soc. Symp. Series 101, Washington, D.C.,
p. 154.

Wolin, E.F., J.B. Evans, and C.F. Niven. 1957. The microbiology of fresh
and irradiated beef. Food Res. 22, 682.

Woolford, G. and R.G. Cassens. 1977. The fate of sodium nitrite in bacon.
J. Food Sci. 42, p. 586.



- 112 -

Woolford, G., R.G. Cassens, M.L. Greaser, and J.G. Sebanek. 1976. The fate
of nitrite: Reaction with protein. J. Food Sci. 41, p. 585.

World Health Organization. 1977. "Aviation Catering," Report on a Working
Group, Torremolinos, 1976. Regional Office for Europe, World
Organization. Copenhagen.

World Health Organization. 1978. Nitrates, Nitrites, and N-Nitroso
Compounds: Environmental Health Criterion No. 5. World Health
Organization, Geneva, Switzerland. Available from WHO Publications
Center, Albany, New York, p. 107.

World Health Organization. 1979. "Parasitic Zoonoses," Report of a WHO
Expert Committee. WHO Tech. Rep. Series 637.

Younathan, M.T. and B.M. Watts. 1959. Relationship of meat pigments to
lipid oxidation. Food Res. 2A_, p. 728.

Zurer, P.S. 1986. Food Irradiation. A technology at a turning point.
Chem. Eng. News 64(18), p. 46.



- 113 -

APPENDIX A

MARKET SIZE FOR BEEF AND PORK

World beef production increased sharply from 1965 to the mid-

seventies, followed by a gradual decline into the eighties (Boswall, 1984).

World pork production rose sharply through the seventies but remained steady

thereafter. It increased slightly in 1984 and the trend is expected to

increase through to 1988 (Boswall, 1984).

The production figures for beef and pork in Canada since 1960 are

shown in Table A-l. The figures for the supply and disposition of beef and

pork in Canada are shown in Table A-2 and per capita consumption is shown in

Table A-3.

A breakdown of the different categories of beef and pork shipped

in 1983 is shown in Table A-4

The Canada Packers plant in Winnipeg produces 6400 to 12800 kg of

bacon per day. Other processed meats that are treated with nitrite in that

plant amount to about 16000 kg/day (personal communication).

REFERENCE

Boswall, A.M. 1984. Changes in international meat markets. _Ln Proc. of
the Canadian Agricultural Outlook Conference. December, 1984.
Agriculture Canada Publication.
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TABLE A-l

PRODUCTION (1O3 TONNE) OF BEEF AND PORK IN CANADA8

YEAR BEEF PORK

1960

1961

1962

1963

1964

1965

1966

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

1982

1983

1984-88b

1

1

1

1

574.37

598.88

604.67

645.48

713.72

793.76

795.16

779.88

827.42

797.57

804.81

844.14

885.79

874.63

918.41

,034.75

,111.90

,092.12

,023.96

917.85

938.78

980.24

991.57

994.58

913.00

448.17

442.42

446.62

444.97

480.83

456.56

460.55

542.05

533.63

509.00

617.80

673.60

651.99

632.36

635.49

542.33

532.83

536.58

614.21

736.69

856.32

840.37

832.75

852.38

853.00

(a) Data received from Statistics Canada.

(b) Proceedings of the Canadian Agricultural

Outlook Conference, December 1983, p. 59.
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TABLE A-2

SUPPLY AND DISPOSITION OF BEEF AND PORK IN CANADA IN 1983 (103 TONNE)*

Beginning

Meat Production Stock Imports

Gross Ending Net

Supply Exports Stock Supply

Beef

Pork

994

852

.58

.38

13

9

.29

.45

90

19

.65

.41

1098.52 82.38 17.61 998.53

881.24 157.55 10.47 713.22

(a) Data received from Statistics Canada.

TABLE A-3

PER

MEAT

CAPITA CONSUMPTION

1971 1975

(kg/YEAR)

YEAR

1976 1977

OF BEEF

1978

AND PORK

1983b

Beef 40.2 48.5 51.4 48.9 45.8 NA

Pork 29.5 24.2 25.1 25.2 26.2 ~ 30

(a) Data taken from Canadian Year Book 1980-81, p. 440.

(b) A.M. Boswall (1985).

NA Not available.
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TABLE A-4

SOME DETAILS OF SHIPMENTS OF MEATS, REPORTED BY

LARGE ESTABLISHMENTS, IN 1983**

MEAT
QUANTITY
(Tonne)

VALUE
($ thousand)

Fresh and Frozen

(i) Beef

Beef, portion ready
Beef, block ready
Beef, hanging
Ground beef and hamburger
Steakettes, patties, etc.
Other beef

(ii) Pork

Cured Meats

( i ) Pickled or Dry-salted

Beef

Ham
Pork bellies
Peameal bacon
Cottage rolls
Other pork

(ii) Smoked Meats

Beef
Hams, not cooked, boneless
Hams, not cooked, bone in
Hams, cooked and ready-to-serve boneless
Hams, cooked and ready-to-serve bone in
Side bacon, s l iced
Side bacon, unsliced
Back bacon, s l iced
Back bacon, unsliced
Picnic hams
Other pork, butts, rolls, etc.

103
252
572
22
43
31

839

500
495
053
284
526
584

379

1

1

398
875
628
66
146
82

944

592
014
749
529
084
446

565

5 427
2 197
1 139
2
3
2

8
6
9
31
15
66
3
1
1
17
6

861
481
748

513
140
916
989
001
074
818
161
451
117
612

25
11
2
11
11
6

60
25
30
155
44
237
12
9
7
46
22

043
026
899
279
282
050

301
768
915
925
150
608
655
845
773
374
095

cont inued ..
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TABLE A-4 ( c o n c l u d e d )

18
14
26
7
1
16
56
35
3

12

709
274
668
398
164
617
275
416
518
—
966

56
50
64
27
3
70
169
159
22
24
53

659
997
641
691
416
330
569
677
043
174
239

QUANTITY VALUE
MEAT (Tonne) ($ thousand)

( i l l ) Fresh or Frozen Cooked Meat Preparations
No t Canned

Sausage, pure pork
Sausage, other than pure pork
Bologna in pieces
Bologna sliced
Blood pudding
Salami, red meat base
Wieners and frankfurters, red meat base
Other specialty sausage, whole
Other specialty sausage, sliced and pkg.
Sausage casings, natural
Hams boiled, ready-to-serve, in pieces
Hams boiled, ready-to-serve, sliced
and packaged 8 686 50 366

(iv) Canned Meat and Meat Preparations

Luncheon meat (pork 50% or more)
Ham 12 256 52 913
Other canned pork, butts, cottage rol ls ,
picnics, etc.

(v) Ready-to-Serve Meats

Stews and similar preparations of meat
and vegetables

Wieners and beans 8 651 22 089
Other canned meals

(a) Data taken from Meat and Poultry Products Industries (1983),
Annual Census of Manufacturers, Statistics Canada (SIC 1011-1012)
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APPENDIX B

REGULATORY ASPECTS3

B.I. NITRATES AND NITRITES

In 1975, the Department of National Health and Welfare (Canada)

stopped almost all permitted uses of nitrate in the curing of meats. The

remaining uses of nitrate were restricted to a level of 200 parts per

million, and the level of nitrite added in the curing of bacon was reduced

to 150 parts per million and to 200 parts per million in preparing other

cured meat products. Regulations prohibiting the premixing of nitrates and

nitrite with other components of dry cures (e.g. spices) also were

promulgated in 1975.

Based on the Food and Drug Regulations, the Department of National

Health and Welfare (1978) issued the following guidelines for addition of

nitrite and nitrate in various cured meats including bacon.

B.I.I POTASSIUM NITRATE

(1) Meat binder for dry sausage, (1) When used in accordance with
semi-dry sausage, preserved label instructions will result
meat and preserved meat by- in a total input of not more
products prepared by slow cure than 0.32 ounce potassium
processes (Division 14) nitrate per 100 pounds (200 ppm)

of the total batch or dry
sausage, preserved meat or
preserved meat by-products,
calculated prior to any smoking,
cooking or fermentation

(a) The units given are from the original Food and Drug Regulations paper.
For conversion to the SI units, the following conversion factors should
be applied. One ounce * 28.35 g, one pound « 0.373 kg, and
one ppm » 1 nig/kg.
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(2) Cover pickle and dry cure
employed in the curing of
preserved meat and preserved
meat by-products prepared by
slow cure processes (Division 14)

(3) Dry sausage, semi-dry sausage,
preserved meat by-products pre-
pared by slow cure processes
(Division 14)

(2) When used in accordance with
label instructions will result
in a total input of not more
than 0.32 ounce potassium
nitrate per 100 pounds (200 ppm)
of the total batch of preserved
meat or preserved meat by-
products, calculated prior to
any smoking, cooking or
fermentation

(3) 0.32 ounce potassium nitrate per
100 pounds (200 ppm) of the
total batch of dry sausage,
semi-dry sausage, preserved
meat or preserved meat by-
products, calculated prior to
any smoking, cooking or
fermentation

B.I.2 POTASSIUM NITRITE

(1) Meat binder, pumping pickle,
cover pickle and dry cure
employed in the curing of pre-
served meat by-products
(Division 14)

(2) Preserved meat except side
bacon and preserved meat
by-products (Division 14)

(3) Side bacon

(1) When used in accordance with
label instructions will result
in a total input of not more
than 0.32 ounce potassium
nitrite per 100 pounds (200 ppm)
of the total batch of preserved
meat or preserved meat by-
products, calculated prior to
any smoking, cooking or
fermentation

(2) 0.32 ounce potassium nitrite
per 100 pounds (200 ppm) of the
total batch of preserved meat
except side bacon or preserved
meat by-products, calculated
prior to any smoking, cooking
or fermentation

(3) 0.24 ounce potassium nitrite per
100 pounds (150 ppm)
calculated prior to any smoking,
cooking or fermentation
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In 1979, the Canadian Meat Council Issued a report on Critical

Control Points in Bacon Manufacturing based on the above regulations. The

report suggested the industry voluntarily further reduce the nitrite input

levels from 150 ppm to 120 ppm in bacon. However, the Department of

National Health and Welfare has only this year (1986 January 30) issued its

intent to lower this level to 120 ppm by 1986 August as indicated in the

following statement.

DEPARTMENT OF NATIONAL HEALTH AND WELFARE

FOOD AND DRUGS ACT

Notice is hereby given that the Governor General in
Council, pursuant to section 25 (s.c 1976-77, c. 28, s.16)
of the Food and Drugs Act, proposes to make the annexed
amendment to the Food and Drug Regulations, C.R.C, c. 870.

It has been the long-term policy of the Department of
National Health and Welfare to limit the use of nitrite to
minimum levels necessary to produce cured meat products.
Current industrial curing technology enables the production
of side bacon containing lower input levels of nitrite.
Therefore, the Department proposes to lower the permitted
maximum levels of use of potassium nitrite, sodium nitrite or
a combination of both from 150 parts per million to 120 parts
per million in cured side bacon. Such a decrease to a
maximum 120 parts per million of the named nitrite salt in
bacon will not result in an increased microbiological hazard
from this product.

Further information concerning the proposed amendment
may be obtained by writing to the Director General, Food
Directorate, Health Protection Branch, Department of National
Health and Welfare.

Any manufacturer, distributor or other interested person
may make representations concerning the proposed amendment to
the Director General, Food Directorate, Health Protection
Branch, Department of National Health and Welfare, Ottawa,
within six months after the date of publication of this
notice. All such representations must cite the Canada
Gazette, Part I and the date of publication of this notice.
The representations should also stipulate those parts that
should not be disclosed pursuant to the Access to Information
Act; in particular, pursuant to sections 19 and 20 of that
Act, the reason why those parts should not be disclosed and
the period that those parts should remain undisclosed. The
representations should also stipulate those parts for which
there is no objection to disclosure pursuant to the Access to
Information Act.
January 30, 1986

HENRI CHASSE
Assistant Clerk of the Privy Council
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U.S. Department of Agriculture (USDA), on the other hand, prohibi-

ted the use of nitrate in bacon, and lowered the amount of nitrite to

120 ppm in 1978 on recommendations of the USDA's Expert Panel on Nitrites

and Nitrates and Nitrosamines (1978). The amounts of nitrite in ham and

corned beef were lowered to 156 ppm.

Based on the petition by the American Meat Institute (AMI) in

1983, USDA's Food and Safety and Inspection Service proposed on

1985 April 15, to allow bacon processors to make bacon with less nitrite.

The proposed rule will bring down the level of nitrite pumped into pork

bellies from 120 to 100 ppm.

B.2. IRRADIATION

Table B-l lists different countries where some type of irradiated

meats have been cleared for human consumption. It also gives the dose of

irradiation at or up to which each of the products has been cleared.
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TABLE B-l

LIST OF CLEARANCES'3

GENERAL SURVEY OF IRRADIATED MEAT PRODUCTS CLEARED FOR

HUMAN CONSUMPTION IN DIFFERENT COUNTRIES

Country Product
Type of Dose Permitted Date of

Purpose of Irradiation Clearance (kGy) Approval

Bangladesh Chicken 9»elf l i f e extension/ Unconditional Up t o 7 1983 December
decontamination

Brazil

Canada

Chile

China

France

Hungary

Froglegs

Poultry

Poultry
Cod and haddock
fillets

Chicken

Sausage

Mechanically deboned
poultry meat

Dry ingredients
for canned
hash neat
Spices for sausage
Frozen chicken

Decontamination

Shelf life extension/
decontamination

Decontamination
Shelf life extension

Decontamination

Decontamination

Decontamination

Decontamination

Decontamination
Decontamination

Provisional

Unconditional

Test marketing
Test marketing

Unconditional

Unconditional

Unconditional

Experimental
batches

Test marketing
Test marketing

Up to 7

Up to 7
Up to 1.5

Up to 7

Up to 8

Up to 5

5

5
4

1985 Mirch

1973 June
1973 October

1982 December

1984 November

1985 February

1976 November

1982 January
1983 October

continued...•
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TABLE B-l (concluded)

Country

Israel

Nether-
lands

South
Africa

U.K.

U.S.A.

U.S.S.R.

Product

Poultry and
poultry sections

Deep-frozen meats
Poultry
Bagged chicken

Frozen froglegs
Refrigerated snacks
of minced meat

Chicken

Foods for patients
for specific
treatment

Pork carcasses or
fresh, nonheat
processed cuts of
poik carcasses

Semiprepared raw
beef, pork and
rabbit products
(in plastic bags)

Poultry (in bags)
Mjat products

Purpose of Irradiation

Shelf life extension/
decontaalnation

Sterilization
Shelf life extension
Shelf life extension/
decontanination

Decontanination
Shelf life extension

Shelf life extension/
decontanination

Sterilization

Control of Trichinella
spiralis

Shelf life extension

Shelf life extension
Shelf life extension

Type of
Clearance

Unconditional

Hospital patients
Experimental batches
Unconditional

Provisional
Test marketing

Unconditional

Hospital patients

Unconditional

Experimental batches

Experimental batches
Test marketing

Dose Permitted
(kGy)

7 max

25 raLn
3 max
3 max

10 max
2 max

2-7

1

6-8

6
8

Date of
Approval

1982 April

1969 November
1971 December
1976 May

1978 April
1984 July

1978 August

1969 December

1986 January

1964 July

1966 July
1967 February

(culinary prepared)

Yugoslavia Fresh poultry Shelf life extension/
decontanination

Unconditional Up to 10 1984 December

(a) Information compiled from "Food Irradiation Newsletter" of the Joint FAO/IAEA, Vienna, Augist 1985,
Vol. 9, No. 2.
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APPENDIX C

TYPICAL REACTIONS OF REACTIVE SPECIES

The yields of the primary reactive species in water at 10-7 s

after the energy deposition event (i.e., when the spur has diffused) are

given as G values (G = number of molecules formed or destroyed per 100 eV of

energy absorbed): e~ , 2.7; »0H, 2.7; »H, 0.5 (Draganic and Draganic,

1971). The main types of reactions of the reactive species formed are

outlined below (for details, see Singh and Singh, 1982; Anbar et al., 1973,

1975; Bielski et al., 1985; Farhataziz and Ross, 1977; Ross 1975, Ross and

Neta, 1979; Simic, 1983; Simic et al., 1983).

(1) Hydrated Electron

Ammonia, hydrogen, hydrogen sulfide, hydrogen atoms and amino

radicals are amongst the products of reactions of hydrated electrons with

amino acids.

e~q + NH3 CHRCOO" • NH3 + .CHRCOO~ (1)

-• .NH2 + RCH2COO" (2)

> .H + NH2CHRC00- (3)

However, in the presence of oxygen, reaction with it tends to

dominate (Bors et al., 1978; Bielski et al., 1985).

eaq + 0 2 + 0. (4)
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(2) Hydroxyl Radicals

Reactions of hydroxyl radicals include hydrogen abstraction,

addition to the sites of unsaturation and electron transfer.

.OH + RH -• R. + H20 (5)

OH
#0H + R2C = CR2 -> R2C - CR2 ( 6 )

.OH + R2S ^ R2S+ + OH- ( 7 )

An important reaction, mainly in spurs in biological systems, is hydrogen

peroxide formation:

.OH + .OH -• H 20 2 (8)

(3) Hydrogen Atom

Analogous to the reactions of *0H, hydrogen atoms react by

hydrogen abstraction and addition to the sites of unsaturation.

.H + RH + H2 + R» (9)

H <

•H + R2OCR2 + R2C-CR2 (10)

In spurs, some hydrogen would a lso be formed.

.H + .H + H2 (11)

(4) Superoxide Anion

Superoxide anions take part in electron transfer reactions with

metal ions and quinones, and in hydrogen abstraction reactions with good
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hydrogen donors (e.g. sulfhydryl compounds, RSH) (Bors et al., 1974; Singh

and Singh, 1982; Bielskl et al., 1985). However, perhaps their most

important reaction in the context of food irradiation is their direct or

superoxide dismutase (SOD) catalysed conversion into hydrogen peroxide

which, in turn, can react via *0H radicals (as shown later).

+
0* + 0* + 2H "* H2O2 + O2 (12)

0» + SOD - Cu2+ * SOD - Cu+ + 0, (13)
2

0* + 2H*" + SOD - Cu+ + SOD-Cu^ + H2O2 (14)

(5) Singlet Oxygen

Singlet oxygen reacts with sites of unsaturation (OC, ON) giving

metastable peroxides or hydroperoxides and oxidises sulfur-containing organ-

ic compounds (e.g. methionine) to sulfoxides (Kearns, 1971; Foote, 1976;

Frimer, 1985; Wilkinson and Brummer, 1981; Singh, 1982). The metastable

peroxides and hydroperoxides can lead to further oxidation reactions via

free radicals (as shown later), e.g., they contribute to lipid

peroxidation.

(6) Organic Free Radicals

Analogous to the reactions of H atoms given above, organic free

radicals also take part in hydrogen abstraction, addition to sites of unsa-

turation and addition to oxygen. In the radical-radical reactions, both

dimerization and disproportionation can take place, e.g., as follows in the

case of ethyl radicals:

.C2H5 + .C2H5 + H5C2 - C2H5 (15)

* C2H6 + C2H,, (16)
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(7) Peroxy Radicals

The peroxy radicals lead to the formation of hydroperoxides,

alkoxy radicals, peroxides and some singlet oxygen, as follows (Fish, 1970;

Howard and Ingold, 1968; Nakano et al., 1976):

R0» + RSH -> ROOH + RS« (17)
2

R0« + R0« -> 2R0* + 0_ (18)
2 2 *

+ 2R0* + J02 (19)

R0» + R O + RO-OR (20)

The alkoxy radicals formed can also take part in hydrogen abstraction and

addition (to sites of unsaturation) reactions.

The peroxy radicals are the main vehicles of lipid peroxidation

(Pryor, 1976).

(8) Hydrogen Peroxide

Hydrogen peroxide is a weak oxidizing agent and can slowly oxidize

various biochetnicals, e.g., tryptophan (Singh and Singh, 1982). Two of its

more important reactions in foods would be the formation of hydroxyl

radicals via the Fenton reaction (Walling, 1975),

H202 + Fe+
2 -»• »0H + 0H~ + Fe+3 (21)

and oxidation of organic compounds mediated by horseradish peroxidase (HRP)

(or another similar peroxidase) (Dunford and Stillman, 1976):

HRP + H2O2 + HRP-I (22)
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HRP-I + RH -»• HRP-II + R» (23)

HRP-II + RH -»• HRP + R^ (24)

(9) Organic Hydroperoxtdes

Reactions of organic hydroperoxides parallel those of hydrogen

peroxide (Mageli and Sheppard, 1967; Hiatt, 1971; Sosnowsky and Rawlinson,

1971). Their reactions are catalysed by horseradish peroxidase and with

ferrous ions they produce alkoxy radicals:

ROOH + Fe+2 -»• R0» + 0H~ + Fe+3 (25)

The stable products formed from hydroperoxides include carbonyl compounds

and alcohols.
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