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 Abstract: Color is the main aspect that defi nes a food’s quality and that most infl uences consumer 

choice. Sensorial quality, especially color and appearance of meat, can be affected by both internal 

and external factors.

  Chromoproteins, carotenes, and carotenoproteins are important in meat color. Carotenes are 

 responsible for the color of beef fat, poultry meat and skin, fi sh, and shellfi sh. Of the hemoglobins 

present postmortem in the muscle, myoglobin is the one mainly responsible for color. Cytochromes 

are metalloproteins with a heme group with a role in meat coloration. The principal role of fat is in 

the brightness of meat products.

  The color of meat may be altered by several factors, including exposure to light, microbial growth, 

rancidity, and exposure to oxygen. 

  Keywords: Muscle-based food color,   carotenes,   hemoproteins,   myoglobin,   cytochromes,   fat color,  

 melanosis,   discoloration,   premature browning,   shelf life      

1.1   GENERAL ASPECTS OF MUSCLE-BASED FOOD COLOR 

 The first impression that a consumer receives concerning a food product is established visu-

ally, and among the properties observed are color, form, and surface characteristics. Color is 

the main aspect that defines a food’s quality, and a product may be rejected simply because of 

its color, even before other properties, such as aroma, texture, and taste, can be evaluated. This 

is why the appearance (optical properties, physical form, and presentation) of muscle-based 

products at the sales point is of such importance (Lanari  et al .    2002 ). 

 Regarding the specific characteristics that contribute to the physical appearance of meat, 

color is the quality that most influences consumer choice (Krammer    1994 ). The relationship 

between meat color and quality has been the subject of study since the 1950s, indeed, since 

Urbain (   1952 ) described how consumers had learned through experience that the color of 

fresh meat is bright red, and any deviation from this color (nonuniform or anomalous color-

ing) is unacceptable (Diestre    1992 ). The color of fresh meat and associated adipose tissue is, 

then, of great importance for its commercial acceptability, especially in the cases of beef and 

lamb (Cornforth    1994 ), and in certain countries, for example, the USA and Canada, there have 

been many studies to identify the factors controlling its stability. Adams and Huffman (   1972 ) 

affirmed that consumers relate the color of meat to its freshness. In poultry, the consumers of 
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4   Quality Aspects of Products of Animal Origin

many countries also associate meat color with the way in which the animal was raised 

( intensive or extensive) and fed (cereals, animal feed, etc.). 

 Color as a quality factor for meat can be appreciated in different ways in different countries; 

for example, in Denmark, pork meat color holds fifth place among qualities that affect 

consumers’ purchase decisions (Bryhni  et al .    2002 ). The sensorial quality, especially color 

and appearance (Brewer & Mckeith    1999 ), of meat can be affected by both internal and 

external factors. In the case of internal factors, in fish, for example, a particular problem that 

has been encountered in rearing some Pargus species is the darkening of the body after the 

capture of wild fish and during farming. During farming and marketing, the skin color 

( silver-red) turns dark gray (especially the tail and fins) (Kentouri  et al .    1995 ; Lin  et al .    1998 ). 

In the case of farmed salmon, too, feeding fish with carotenoid pigments is regarded as the 

most important management practice for marketing (Moe    1990 ), because without them, flesh 

and skin color would be less visually attractive, and therefore would be less valued as a food 

(Baker    2002 ). 

 Food technologists, especially those concerned with the meat industry, have a special 

interest in the color of food for several reasons—first, because of the need to maintain a 

uniform color throughout processing; second, to prevent any external or internal agent from 

acting on the product during its processing, storage, and display; third, to improve or optimize 

a product’s color and appearance; and, lastly, to attempt to bring the product’s color into line 

with what the consumer expects. Put simply, the color of meat is determined by the pigments 

present in it. These can be classified into four types: (1) biological pigments (carotenes and 

hemopigments), which are accumulated or synthesized in the organism antemortem (Lanari 

 et al .    2002 ); (2) pigments produced as a result of damage during manipulation or inadequate 

processing conditions; (3) pigments produced postmortem (through enzymatic or nonenzymatic 

reactions) (Montero  et al .    2001 ; Klomklao  et al .    2006 ); and (4) pigments resulting from the 

addition of natural or artificial colorants (Fernández-López  et al .    2002 ). 

 As a quality parameter, color has been widely studied in fresh meat (MacDougall    1982 ; 

Cassens  et al . 1995; Faustman  et al .    1996 ) and cooked products (Anderson  et al .    1990 ; 

Fernández-Ginés  et al .    2003 ; Fernández-López  et al .    2003 ). However, dry-cured meat products 

have received less attention (Pérez-Alvarez    1996 ; Pagán-Moreno  et al .    1998 ; Aleson  et al . 
   2003 ) because in this type of product, color formation takes place during different processing 

stages (Pérez-Alvarez  et al .    1997 ; Fernández-López  et al .    2000 ); recently, a new heme pigment 

has been identified in this type of product (Parolari  et al .    2003 ; Wakamatsu  et al .    2004a ,    b ). 

From a practical point of view, color plays a fundamental role in the animal production sector, 

especially in meat production (beef and poultry, basically) (Zhou  et al .    1993 ; Esteve    1994 ; 

Verdoes  et al .    1999 ; Irie    2001 ), since in many countries of the European Union (e.g.,  Spain 

and Holland) paleness receives a wholesale premium. 

 For fish, skin and flesh discoloration is a very important problem, especially in highly 

appreciated species. Since the skin and flesh color must be very vivid, many efforts have been 

directed at improving color, mainly through dietary control (carotene-enriched diets) (Fujita 

 et al .    1983 ; Mori    1993 ). Without these pigments, the aquaculture industry would find it hard 

to undertake the production of some species because fish demand is driven through consumer 

demand for quality products (Baker    2002 ). In fish, consumer preference is often influenced by 

body pigmentation. Fish flesh color is an important quality parameter for most farmed fish, 

especially with salmonids (salmon, rainbow trout), (Francis    1995 ; Hyun  et al .    1999 ), in which 

the pink or red color of fillets is an important feature (Sigurgisladottir  et al .    1994 ; Sigurgisladottir 

 et al .    1997 ). For example, a uniform red color in rainbow trout is considered to indicate a high-

quality product and is a reason for its acceptability, while for the tuna fish industry, it is very 

important to avoid discoloration in fresh and processed meat and to increase its shelf life 
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(Goodrick  et al .    1991 ; Tze  et al .    2001 ). Fish nutrition has an important impact on several 

parameters that directly influence the quality of fish, some of which are color and appearance. 

The color of salmonid flesh is one of the most important quality parameters, because consumers 

have a preference for red- or pink-colored products in the case of salmonids. This is the reason 

for using carotenoids in aquaculture.  

1.2    CHEMICAL AND BIOCHEMICAL ASPECTS 
OF MUSCLE-BASED FOOD COLOR 

 Of the major components of meat, proteins are the most important since they are only provided 

by essential amino acids, which are very important for the organism’s correct functioning; 

proteins also make a technological contribution during processing, and some are responsible 

for such important attributes as color. These are the so-called chromoproteins, and they are 

mainly composed of a porphyrinic group conjugated with a transition metal, principally iron 

metalloporphyrin, which forms conjugation complexes (heme groups) (Whitaker    1972 ) that 

are responsible for color. However, carotenes and carotenoproteins (organic compounds 

with  isoprenoid-type conjugated systems) exist alongside chromoproteins and also play an 

important part in meat color. There are also some enzymatic systems whose coenzymes or 

prosthetic groups possess chromophoric properties (peroxidases, cytochromes, and flavins) 

(Faust-man  et al .    1996 ). However, their contribution to meat color is slight. Below, the 

principal characteristics of the major compounds that impart color to meat are described.  

1.3   CAROTENES 

 Carotenes are responsible for the color of beef fat, poultry meat and skin, fish, and shellfish; in 

the last two cases, these are of great economic importance. The color of the fat is also important 

in carcass grading. Furthermore, carotenoids can be used as muscle-based food coloring agents 

(Verdoes  et al .    1999 ). An important factor to be taken into account with these  compounds is 

that they are not synthesized by the live animal but are obtained by assimilation ( Pérez-Alvarez 

 et al .    2000 ), for instance, in the diet. Salmonids, for example, obtain carotenes in the wild in 

their preys, but in intensive fish culture, carotenoids must be added to the diet. Farmed fish, 

especially colored fish (e.g., salmon and rainbow trout), are now a major industry. For example, 

Norway exports a great part of its salmon production. Carotenoid pigments have been used in 

aquafeed for many years in order to impart the desired flesh color in farmed salmonids (Baker 

   2002 ). Astaxanthin has been the main flesh-coloring pigment of choice in most trout- and 

salmon-farming industries. The type of carotene used in animal feed is very important because 

the fish farmer may find that pigmentation takes on a heterogeneous appearance, which is 

 contrary to general consumer acceptance (Yanar  et al .    2006 ). The preferred pigments used in 

the Canadian aquaculture industry are synthetic canthaxanthin (Cx) and synthetic  astaxanthin 

(Ax) (Higgs  et al .    1995 ). In fats, the fatty acid composition can affect their color. When the 

ratio of cis-monounsaturated to saturated fatty acids is high, the fat exhibits a greater yellow 

color (Zhou  et al .    1993 ). In the case of the carotenes present in fish tissues, these come from 

the ingestion of zooplankton, algae, and crustacean wastes (Ostermeyer & Schmidt    2004 ), and 

the levels are sometimes very high. This is possible because fish have the capacity to transport 

and deposit this pigment to specific sites in their muscles (Baker    2002 ). The  deposition of Ax 

is higher in dark muscle than in light muscle (Ingemansson  et al .    1993 ). The shells of many 
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 crustaceans, for example, lobster ( Panulirus argus ), also contain these compounds. Carotenoids 

have been extracted from crustacean wastes with organic solvents, but in many of the methods 

pigment degradation occurs (Charest  et al .    2001 ). 

 The pigments responsible for color in fish, particularly salmonids (trout and salmon, among 

others), are Ax and Cx, although they are also present in tunids and are one of the most 

important natural pigments of marine origin. In the case of shellfish, their color depends on 

the so-called carotenoproteins, which are proteins with a prosthetic group that may contain 

various types of carotene (Minguez-Mosquera    1997 ), which are themselves water soluble 

(Shahidi & Matusalach-Brown    1998 ). Henmi  et al . (   1990a ) reported that carotenoid–protein 

interaction in the salmon muscle is weak, and that Ax and Cx have a trans configuration in 

vivo. Henmi  et al . (   1990b ) also reported that the actomyosins from salmonids showed a higher 

affinity for ketocarotenoids than those of other fish, except common mackerel. These authors 

also described correlations between the surface hydrophobicity of actomyosins and the 

combination of Ax and/or canthaxanthin with actomyosins. From a chemical point of view, 

astaxanthin or canthaxanthin bind via a beta-ionone ring to a hydrophobic binding site on 

actomyosin; the hydroxyl and keto end groups of the beta-end group of carotenoids intensify 

binding to actomyosin. Salmon actomyosin forms complexes with free Ax, astaxanthin 

monoester, canthaxanthin, echinenone, zeaxanthin, and beta-carotene, but not astaxanthin 

diester (in which a long-chain fatty acid residue may cause steric hindrance). The lipids in the 

actomyosin complex have no effect on the binding of carotenoids (Henmi  et al .    1989 ). They 

are distributed in different amounts in the flesh, head, and carapace of crustaceans; for 

example, astaxanthin and its esters are the major carotenoids found in the extracts from 

different species of shrimp ( Penaeus monodon ,  Penaeus indicus ,  Metapenaeus dobsonii , 
 Parapenaeopsis stylifera ) (Sachindra  et al .    2005a ), but there are different types of carotenes, 

depending on whether the crustaceans are marine or fresh water (Sachindra  et al .    2005b ). 

Another difference is that the concentration of unsaturated fatty acids in its carotenoid extracts 

was found to be higher than that of saturated fatty acids. In raw muscle, the main carotenoid 

concentration was strongly correlated with some color attributes (hue, chroma, and lightness) 

(Choubert  et al .    1992 ). Torrisen  et al . (   1989 ) reported that a level of 4 mg/kg in fish fillets is 

regarded as a minimum acceptable carotenoid concentration in marketable-farmed salmon. 

Sex also affects carotene concentration: female muscles, which contain much more carotenoid, 

are more strongly colored than male muscles (Norris & Cunningham    2004 ). 

 As suggested by Torrisen  et al . (   1989 ), the rate of carotenoid deposition in salmonids is 

curvilinear throughout the life of the fish. As the growth rate is obviously under strong genetic 

control, the genetic correlation between the growth rate and color is high. It must be taken into 

account that carotenoids migrate from the muscle to the gonads. Carotene-type deposition in 

salmonid species differs; for example, Ax is more efficiently deposited than Cx in rainbow 

trout (Storebakken & Choubert    1991 ; Torrissen    1986 ), but this pattern is not the same for 

Atlantic salmon. These differences may be due to genetic background and/or environment 

(Baker    2002 ). Choubert  et al . (   1997 ) reported that in rainbow trout there is an unequal distri-

bution of carotenoids so that the color of the muscle lightens from the head toward the tail and 

from the midline of the fish toward the dorsal and ventral external area of the fish. 

 From a chemical point of view, carotenoids are organic molecules that contain a conjugated 

carbon–carbon double bond system, which is responsible for their color. But this can be a 

problem during processing, because a high number of conjugated double bonds may be subject 

to oxidation, which can lead to discoloration of the carotenoids (Liaaen-Jensen    1971 ; Choubert 

& Baccaunaud    2006 ). As carotenoids are lipid soluble compounds, it might be thought that 

increasing dietary fat would increase carotene absorption and deposition, but this is not 

necessarily the case for all salmonids. The retention of carotenoids in the flesh is relatively poor, 
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with only 10%–18% of pigment obtained from the diet being retained (Nickell & Bromage 

   1998 ). Astaxanthin can be found in its free, mono-, or diesterified forms. In processed shrimps, 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are the principal fatty acids 

esterified with the portion of astaxanthin linked to chitin in the carapace (Guillou  et al .    1995 ). 

b-carotene and Ax are fat-soluble pigments found in squid oil. However, technological 

processes, such as refining, can remove Ax completely (Hwei & Min    1994 ). 

 In fish-derived products, the carotene content has previously been used as a quality 

parameter on its own; however, it has been demonstrated that this is not appropriate, and that 

other characteristics may influence color (Little  et al .    1979 ). The carotene content and its 

influence on color is perhaps one of the characteristics that has received most attention 

(Swatland    1995 ). In the case of meat, especially beef, an excess of carotenes may actually 

lower the quality (Irie    2001 ), as occurs sometimes when classifying carcasses. The Japanese 

system for beef carcass classification identifies acceptable fats as white, slightly off-white, or 

slightly reddish white in color, while pink-yellowish and dark yellow are unacceptable (Irie 

   2001 ). It is precisely the carotenes that are responsible for these last two colorations. However, 

in other animal species, such as chicken (Castaneda  et al .    2005 ), the opposite effect is observed, 

since a high carotene (xanthophyll) concentration is much appreciated by consumers (Esteve 

   1994 ), yellow being associated with traditional or “home-reared” feeding (Pérez-Alvarez  et 
al .    2000 ). The use of the carotenoid canthaxanthin as a coloring agent in poultry feeds is 

designed to result in the desired coloration of poultry meat skins. The carotenoids used include 

citranaxanthin, capsanthin, and capsorubin, but Cx shows superior pigmenting properties and 

stability during processing and storage (Blanch    1999 ). To improve its color and brilliance, 

0.004–0.04 wt% proanthocyanidin is added to fish feed containing carotenoids (Sakiura    2001 ). 

For rainbow trout, carotenoid concentrations could be 10.7 or 73 ppm Cx, or 47 or 53 ppm Ax.  

1.4   HEMOPROTEINS 

 Of the hemoproteins present, postmortem in the muscle, myoglobin (Mb) is the one mainly 

responsible for color, since hemoglobin (Hb) arises from the red cells that are not eliminated 

during the bleeding process and are retained in the vascular system, basically in the capillaries 

(incomplete exsanguination; the average amount of blood remaining in meat joints is 0.3%) 

(Warris & Rodes    1977 ). However, the contribution of red cells to color does not usually exceed 

5% (Swatland    1995 ). There is wide variation in the amounts of Hb from muscle tissue of bled 

and unbled fish. Mb content is minimal compared with the Hb content in fish light muscle and 

white fish whole muscle. Hb made up 65% and 56% by weight of the total heme protein in dark 

muscle from unbled and bled fish, respectively (Richards & Hultin    2002 ). Mb, on average, 

represents 1.5% by weight of the proteins of the skeletal muscle, while Hb represents about 

0.5%, the same as the cytochromes and flavoproteins combined. Mb is an intracellular 

(sarcoplasmic) pigment apparently distributed uniformly within muscles (Ledward    1992 ; Kanner 

   1994 ). It is red in color and water soluble, and it is found in the red fibers of both vertebrates and 

invertebrates (Knipe    1993 ; Park & Morrisey    1994 ), where it fulfills the physiological role of 

intervening in the oxidative phosphorylation chain in the muscle (Moss    1992 ). 

1.4.1   Structure of myoglobin 

 Structurally, Mb can be described as a monomeric globular protein with a very compact, well-

ordered structure that is specifically, almost triangularly, folded and bound to a heme group 

(Whitaker    1972 ). It is structurally composed of two groups: a proteinaceous group and a heme 
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8   Quality Aspects of Products of Animal Origin

group. The protein group has only one polypeptidic chain composed of 140–160 amino acid 

residues, measuring 3.6 nm and weighing 16 900 Da in vertebrates (Lehninger    1981 ). It is 

composed of eight relatively straight segments (where 70% of the amino acids are found), 

separated by curvatures caused by the incorporation into the chain of proline and other amino 

acids that do not form alpha-helices (such as serine and isoleucine). Each segment is com-

posed of a portion of alpha-helix, the largest of 23 amino acids and the shortest of 7 amino 

acids, all dextrogyrating. Mb’s high helicoidal content (forming an ellipsoid of 44 × 44 × 25 Å) 

and lack of disulfide bonds (there is no cysteine) make it an atypical globular protein. The 

absence of these groups makes the molecule highly stable (Whitaker    1972 ). Although the 

three-dimensional structure seems irregular and asymmetric, it is not totally anarchic, and all 

the molecules of Mb have the same conformation. One very important aspect of the protein 

part of Mb is its lack of color. However, the variations presented by its primary structure and 

the amino acid composition of the different animal and fish species destined for human con-

sumption are the cause of the different colorations of meat and their stability when the meats 

are displayed in the same retail illumination conditions (Lorient    1982 ; Lee  et al .    2003a ). The 

heme group of Mb (as in Hb and other proteins) is, as mentioned above, a metalloporphyrin. 

These molecules are characterized by their high degree of coloration as a result of their con-

jugated cyclic tetrapyrrolic structure (Kalyanasundaram    1992 ). The heme group is composed 

of a complex, organic annular structure, protoporphyrin, to which an iron atom in ferrous state 

is united (Fe II). This atom has six coordination bonds, four with the flat protoporphyrin mol-

ecule (forming a flat square complex) and two perpendicular to it. The sixth bond is open and 

acts as a binding site for the oxygen molecule. 

 Protoporphyrin is a system with a voluminous flat ring composed of four pyrrolic units 

connected by methyl bridges (=C–). The Fe atom, with a coordination number of 6, lies at the 

center of the tetrapyrrole ring and is complexed to four pyrrolic nitrogens. The heme group is 

complexed to the polypeptidic chain (globin) through a specific histidine residue (imadazolic 

ring) occupying the fifth position of the Fe atom (Davidsson & Henry    1978 ). The heme group 

is bound to the molecule by hydrogen bridges, which are formed between the propionic acid 

side chains and other side chains. Other aromatic rings exist near and almost parallel to the 

heme group, which may also form pi ( π ) bonds (Stauton-West  et al .    1969 ). 

 The Hb contains a porphyrinic heme group identical to that of Mb and equally capable of 

undergoing reversible oxygenation and deoxygenation. Indeed, it is functionally and structur-

ally paired with Mb, and its molecular weight is four times greater since it contains four pep-

tidic chains and four heme groups. The Hb, like Mb, has its fifth ligand occupied by the 

imidazole group of a histidine residue, while the sixth ligand may or may not be occupied. It 

should be mentioned that positions 5 and 6 of other hemoproteins (cytochromes) are occupied 

by R groups of specific amino acid residues of the proteins and therefore cannot bind to 

 oxygen (O 
2
 ), carbon monoxide (CO), or cyanide (CN–), except a 

3
 , which, in its biological 

role, usually binds to oxygen. 

 One of the main differences between fish and mammalian Mb is that fish Mb have 

two   distinct endothermic peaks, indicating multiple states of structural unfolding, whereas 

mammalian Mb followed a two-state unfolding process. Changes in alpha-helix content 

and  tryptophan fluorescence intensity with temperature are greater for fish Mb than for 

 mammalian Mb. Fish Mb shows labile structural folding, suggesting greater susceptibility to 

heat  denaturation than that of mammalian Mb (Saksit  et al .    1996 ). 

 The helical contents of frozen-thawed Mb were practically the same as those of unfrozen 

Mb, regardless of pH. Frozen-thawed Mb showed a higher autoxidation rate than unfrozen 

Mb. During freezing and thawing, Mb suffered some conformational changes in the nonheli-

cal region, resulting in a higher susceptibility to both unfolding and autoxidation (Chow  et al . 
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   1989 ). In tuna fish, Mb stability followed the order bluefin tuna ( Thunnus thynnus ), yellowfin 

tuna ( Thunnus albacares ), and bigeye tuna ( Thunnus obesus ); autoxidation rates were in the 

reverse order. The pH dependency of Mb from skipjack tuna ( Katsuwonus pelamis ) and 

 mackerel ( Scomber scombrus ) were similar. Lower Mb stability was associated with higher 

autoxidation rates (Chow    1991 ).  

1.4.2   Chemical properties of myoglobin 

 The chemical properties of Mb center on its ability to form ionic and covalent groups with 

other molecules. Its interaction with several gases and water depends on the oxidation state of 

the Fe of the heme group (Fox    1966 ), since this may be in either its ferrous (Fe II) or its ferric 

(Fe III) state. Upon oxidation, the Fe of the heme group takes on a positive charge (Kanner 

   1994 ) and, typically, binds with negatively charged ligands, such as nitrites, the agents respon-

sible for the nitrosation reactions in cured meat products. 

 When the sixth coordination ligand is free, Mb is usually denominated deoxymyoglobin 

(DMb), which is purple in color. However, when this site is occupied by oxygen, the oxygen 

and the Mb form a noncovalent complex, denominated oxymyoglobin (OMb), which is cherry 

or bright red (Lanari & Cassens    1991 ). When the oxidation state of the iron atom is modified 

to the ferric state and the sixth position is occupied by a molecule of water, the Mb is 

denominated metmyoglobin (MMb), which is brown. There are several possible causes for 

MMb generation, and these may include the ways in which tunids, meat, and meat products are 

obtained, transformed, or stored (MacDougall    1982 ; Lee  et al .    2003b ; Mancini  et al .    2003 ). 

Among the most important factors are low pH, the presence of ions, and high temperatures 

during processing (Osborn  et al .    2003 ); the growth and/or formation of metabolites from the 

microbiota (Renerre    1990 ); the activity of endogenous reducing enzymes (Arihara  et al .    1995 ; 

Osborn  et al .    2003 ); and the levels of endogenous (Lanari  et al .    2002 ) or exogenous antioxidants, 

such as ascorbic acid or its salts, tocopherols (Irie  et al .    1999 ), or plant extracts (Xin & Shun 

   1993 ; Fernández-López  et al .    2003 ; Sánchez-Escalante  et al .    2003 ). The pH, which may be 

altered depending on postslaughter metabolism and on ingredient addition, can affect the 

stability of the central iron atom in Mb and Hb. At high pH, the heme iron is predominantly in 

the Fe21 state; low pH accelerates Fe21 conversion to Fe31 (Zhu & Brewer    2002 ,    2003 ). 

While oxygen can bind to Fe21 only, many other ligands (CN, nitric oxide [NO], CO) can bind 

to either Fe21 or Fe31 so producing a variety of colors. This change in the oxidation state of 

the heme group will result in the group being unable to bind with the oxygen molecule (Arihara 

 et al .    1995 ). DMb is able to react with other molecules to form colored complexes, many of 

which are of great economic relevance for the meat industry. The most characteristic example 

is the reaction of DMb with nitrite, since its incorporation generates a series of compounds 

with distinctive colors: red in dry-cured meat products or pink in heat-treated products. The 

products resulting from the incorporation of nitrite are denominated cured, and such products 

are of enormous economic importance worldwide (Pérez-Alvarez    1996 ). The reaction 

mechanism is based on the propensity of nitric oxide (NO, generated in the reaction of nitrite 

in acid medium, readily gives up electrons) to form strong coordinated covalent bonds; it 

forms an iron complex with the DMb heme group independent of the oxidation state of the 

heme structure. The compound formed after the nitrification reaction is denominated 

nitrosomyoglobin (NOMb). As mentioned above, the presence of reducing agents such as 

hydrogen sulfide acid (H 
2
 S) and ascorbates leads to the formation of undesirable pigments in 

both meat and meat products. These green pigments are called sulfomyoglobin (SMb) and 

colemyoglobin (ColeMb), respectively, and are formed as a result of bacterial activity and an 

excess of reducing agents in the medium. The formation of SMb is reversible, but that of 
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10   Quality Aspects of Products of Animal Origin

ColeMb is an irreversible mechanism, since it is rapidly oxidized between pH 5 and 7, releasing 

the different parts of the Mb (globin, iron, and the tetrapyrrolic ring). 

 From a chemical point of view, it should be borne in mind that the color of Mb, and 

 therefore of the meat or meat products, depends not only on the molecule that occupies the 

sixth coordination site, but also on the oxidation state of the iron atom (ferrous or ferric), the 

type of bond formed between the ligand and the heme group (coordinated covalent, ionic, or 

none), and the state of the protein (native or denatured form), not to mention the state of the 

 porphyrin of the heme group (intact, substituted, or degraded) (Pérez-Alvarez    1996 ). 

 During the heat treatment of fish flesh, the aggregation of denatured fish proteins is generally 

accompanied by changes in light-scattering intensity. Results demonstrate that changes in relative 

light-scattering intensity can be used for studying structural unfolding and aggregation of proteins 

under thermal denaturation (Saksit  et al .    1998 ). When fatty fish meat like  Trachurus japonicus  was 

heat treated, the MMb content increased linearly, and the percentages of denatured Mb and apo-

myoglobin increased rapidly when mince was exposed to heat; however, when the temperature 

reached 60°C, the linearity was broken. The results indicated that MMb color stability was higher 

than that of Mb and that the thermal stability of heme was higher than that of apomyoglobin (Hui 

 et al .    1998 ). Both Mb and ferrous iron accelerated the lipid oxidation of cooked, water-extracted 

fish meat. Ethylenediaminetetraacetic acid (EDTA) inhibited the lipid oxidation accelerated by 

ferrous iron, but not that accelerated by Mb. Also, with cooked, nonextracted mackerel meat, 

EDTA noticeably inhibited lipid oxidation. Nonheme iron catalysis seemed to be related in part to 

lipid oxidation in cooked mackerel meat. The addition of nitrite in combination with ascorbate 

resulted in a marked inhibition of lipid oxidation in the cooked mackerel meat. From these results, 

it was postulated that nitric oxide ferrohemochromogen, formed from added nitrite and Mb (pre-

sent in the mackerel meat) in the presence of a reducing agent, possesses an antioxidant activity, 

which is attributable in part to its function as a metal chelator (Ohshima  et al .    1988 ). 

 Tuna fish meat color can be improved when the flesh is treated or packaged with a modified 

atmosphere in which CO is included. Normally, the rate of penetration of CO or carbon 

 dioxide (CO 
2
 ) in fish meat such as tuna, cod, or salmon, under different packaging conditions, 

is measured by monitoring pressure changes in a closed constant volume chamber with 

 constant volume and temperature. Alternatively, however, the specific absorption spectrum of 

carboxymyoglobin (MbCO), within the visible range, can be obtained and used as an indicator 

of MbCO formation. Mb extracts from tuna muscle treated with CO exhibited higher 
 absorbance at 570 than at 580 nm. Therefore, the relationship between absorbance at 570 nm 

and absorbance at 580 nm could be used to determine the extent of CO penetration of tuna 

steaks placed in a modified atmosphere in which CO was included. The penetration of CO into 

tuna muscle was very slow. After approximately 1–4 h, CO had penetrated 2–4 mm under the 

surface, and after 8 h, CO had penetrated 4–6 mm (Chau  et al .    1997 ). 

 In products with added nitrite or nitrate, the complex nitrosylmyoglobin (MbFe[II]NO) is 

the main contributor to the characteristic color of cooked cured ham, and brine-cured and dry-

cured meat products. Meat and meat products without nitrite/nitrate addition will normally 

attain a dull brown color or a gray color in heated products, which influences consumer 

acceptance negatively (Adamsen  et al .    2005 ). In dry-cured meat products such as Parma ham 

produced without nitrite or nitrate addition, the characteristic bright red color (Wakamatsu 

 et  al .    2004a ) is caused by a Zn-protoporphyrin IX (Zn-pp) complex, a heme derivative. 

Adamsen  et al . (   2005 ) showed that the use of nitrite as a curing ingredient inhibits the forma-

tion of Zn-pp. In the same work, the author described that this color compound is present in 

other meat products like Iberian ham, although in a lower concentration. 

 Virgili  et al . (   1999 ) reported that this color may be due to the action of low-molecular 

weight compounds containing electron-donating atoms, formed during maturation, in  particular 

0001530800.INDD   100001530800.INDD   10 5/17/2012   3:21:33 PM5/17/2012   3:21:33 PM



 Chemical and Biochemical Aspects of Color in Muscle Foods   11

basic peptides or amino acids resulting from an external proteolysis, which may play a role as 

Fe ligands in Mb. Wakamatsu  et al . (   2004b ) reported that anaerobic conditions favor the 

 formation of Zn-pp and that endogenous enzymes as well as microorganisms may also be 

involved. There are several hypotheses that try to explain the formation of this compound. 

Wakamatsu  et al . (   2004b ) described three possible substitution patterns: (1) a nonenzymatic 

reaction in which Zn(II) substitutes Fe(II) under anaerobic conditions, with concomitant dis-

sociation of the heme; (2) a bacterial enzymatic reaction, whereby bacterial growths naturally 

degrade the meat proteins including the pigment; and (3) an enzymatic reaction where an 

endogenous ferrochelatase interchanges the two metals. However, Adamsen  et al . (   2005 ) 

described this process as having the three following mechanisms to explain the metal substa-

tion: (1) a nonenzymatic enzymatic reaction driven by the binding of iron in the high chloride 

meat matrix; (2) a bacterial enzymatic reaction; and (3) an endogenous enzymatic reaction. 

 Also, spectroscopic studies of Parma ham during processing revealed a gradual transforma-

tion of muscle Mb, initiated by salting and continuing during aging. Using electron spin reso-

nance spectroscopy, Moller  et al . (   2003 ) have shown that the Parma ham pigment is different 

from MbFe(II)NO and is not a nitric oxide complex such as that found in brine-cured ham and 

Spanish Serrano hams. These authors also establish that the heme moiety is present in the 

acetone-water extract and that Parma ham pigment is gradually transformed from a Mb deriv-

ative into a nonprotein heme complex, which is thermally stable in an acetone-water solution. 

Adamsen  et al . (   2003 ) also demonstrated that the heme moieties of Parma ham pigments have 

antioxidative properties. Pigments became increasingly lipophilic during processing, suggest-

ing that a combination of drying and maturing yields a stable red color (Parolari  et al .    2003 ).  

1.4.3   Cytochromes 

 Cytochromes are metalloproteins with a prosthetic heme group, whose putative role in meat 

coloration is undergoing revision (Boyle  et al .    1994 ; Faustman  et al .    1996 ). Initially, they 

were not thought to play a very important role (Ledward    1984 ). These compounds are found 

in low concentrations in the skeletal muscle, and in poultry, they do not represent more than 

4.23% of the total hemoproteins present (Pikul  et al .    1986 ). It has now been shown that the 

role of cytochrome (especially its concentration) in poultry meat color is fundamental when 

the animal has been previously exposed to stress (Ngoka & Froning    1982 ; Pikul  et al .    1986 ). 

Cytochromes are most concentrated in cardiac muscle so that when this organ is included in 

meat products, the heart’s contribution to color, not to mention the reactions that take place 

during elaboration processes, must be taken into consideration (Pérez-Alvarez  et al .    2000 ).   

1.5   COLOR CHARACTERISTICS OF BLOOD 

 Animal blood is little used in the food industry because of the dark color it imparts to the 

 products to which it is added. For solving the negative aspects of blood incorporation, specifi-

cally food-color-related problems, several different processes and means have been employed, 

but they are not always completely satisfactory. The addition of 12% blood plasma to meat 

sausages leads to pale-colored products. The addition of discolored whole blood or globin 

(from which the Hb’s heme group has been eliminated) has also been used to address color 

problems. Natural red pigments can be obtained from blood without using coloring agents such 

as nitrous acid salts; these pigments have Zn-pp as the metalloporphyrin moiety and can be 

used to produce favorably colored beef products, whale meat products, and fish products 

(including fish pastes) (Numata & Wakamatsu    2003 ). There was wide variation in amounts of 
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Hb extracted from the muscle tissue of bled and unbled fish, and the residual level in the  muscle 

of bled fish was substantial. Mb content was minimal as compared with Hb content in mackerel 

light muscle and trout whole muscle. Hb made up 65% and 56% by weight of the total heme 

protein in dark muscle from unbled and bled mackerel, respectively. The blood-mediated lipid 

oxidation in fish muscle depends on various factors, including Hb concentration, Hb type, 

plasma volume, and erythrocyte integrity (Richards & Hultin    2002 ). The presence of blood, 

Hb, Mb, Fe12, Fe13, or Cu12 can stimulate lipid oxidation in the fillets of icefish (Rehbein & 

Orlick    1990 ; Richards & Li    2004 ). Kanner  et al . (   1987 ) reported that Hb, Mb, copper, and iron 

have the potential to promote lipid oxidation in muscle foods. Since iron can be released from 

Hb during storage, it is difficult to ascertain whether the intact heme protein, dissociated heme, 

or released iron is responsible for the bulk of lipid oxidation that occurs during storage. For this 

reason, Svingen  et al . (   1979 ) used the term “low molecular weight iron” instead of “free iron” 

since iron binds to other low molecular weight compounds to gain solubility and hence  potential 

reactivity. Ferrous and ferric forms of iron can promote lipid oxidation processes (Gutteridge 

   1986 ; Tadolini & Hakim    1996 ). Iron shows a high  reactivity with reactants such as hydrogen 

peroxide and lipid peroxides (Kanner & Harel    1987 ). 

 Mitochondria are a source of reactive oxygen species that could confound lipid oxidation 

reactions due to added Hb. During fish processing (e.g., tuna fish), the loss of redness can be 

a good indicator that lipid oxidation processes mediated by Hb are progressing. Just after 

death, Hb in muscle tissue is primarily in the reduced state (i.e., oxyhemoglobin [OHb] and 

deoxyhemoglobin [deoxyHb]). 

 This mixture of OHb and deoxyHb has a red color. With increased postmortem aging, Hb 

autoxidizes to methemoglobin (MHb), a brown pigment. MHb is considered more pro oxidative 

than reduced Hb due to its less tightly bound heme group and its reactivity with hydrogen 

peroxide and lipid peroxides to form hypervalent Hb catalysts (Everse & Hsia    1997 ). 

 From a technological point of view, during meat or fish processing, rapid chilling may alter 

oxygen solubility in tissues resulting in less available oxygen to oxygenate either OMb or Hb. 

The conversion of OMb to MMb, which is brown and unattractive, occurs under conditions of 

very low oxygen tension as well (Nicolalde  et al .    2005 ). 

 Field  et al . (   1978 ) describe how bone marrow is high in Hb, while muscle has a high Mb 

content. As with other meats, its color and Hb stability depend on packaging and storage 

 conditions. Good temperature control and modified atmosphere packaging (MAP) with high 

 oxygen atmospheres (80%) are often used to extend both microbiological and color shelf life 

(Nicolalde  et al .    2005 ).  

1.6   FAT COLOR 

 From a technological point of view, fat fulfills several functions, although, regarding color, its 

principal role is in the brightness of meat products. Processes such as “afinado” during the 

elaboration of dry-cured ham involve temperatures at which fat melts so that it infiltrates the 

muscle mass and increases its brilliance (Sayas    1997 ). When the fat is finely chopped, it 

“dilutes” the red components of the color, thus decreasing the color intensity of the finished 

product (Pérez-Alvarez  et al .    2000 ). However, fats do not play such an important role in fine 

pastes since, after emulsification, the fat is masked by the matrix effect of the emulsion so that 

it contributes very little to the final color. The color of fat basically depends on the feed that the 

live animal received (Esteve    1994 ; Irie    2001 ). In the case of chicken and ostrich, the fat has a 

“white” appearance (common in Europe) when the animal has been fed with “white” cereals or 

other ingredients not containing xanthophylls, since these are accumulated in subcutaneous fat 
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and other fatty deposits. However, when the same species are fed maize (rich in  xanthophylls), 

the fatty deposits take on a yellow color. Beef or veal fat that is dark, hard (or soft), excessively 

bright, or shiny lowers the carcass and cut price. Fat with a yellowish color in healthy animals 

reflects a diet containing beta-carotene (Swatland    1988 ). While fat color evaluation has tradi-

tionally been a subjective process, modern methods include such  techniques as optical fiber 

spectrophotometry (Irie    2001 ). Another factor influencing fat color is the concentration of the 

Hb retained in the capillaries of the adipose tissues (Swatland    1995 ). As in meat, the different 

states of Hb may influence the color of the meat cut. OMb is responsible for the yellowish 

appearance of fat, since it affects different color components (yellow-blue and  red-green). 

 The different states of Hb present in adipose tissue may react in a similar way to those in 

meat so that fat color should be measured as soon as possible to avoid possible color altera-

tions. When the Hb in the adipose tissue reacts with nitrite incorporated in the form of salt, 

nitrosohemoglobin (NOHb), a pigment that imparts a pink color to fat, is generated. This 

phenomenon occurs principally in dry-cured meat products with a degree of anatomical integ-

rity, such as dry-cured ham or shoulder (Sayas    1997 ). When fat color is measured, its compo-

sition should be borne in mind since its relation with fatty acids modifies its characteristics, 

making it more brilliant or duller in appearance. The fat content of the conjunctive tissue must 

also be borne in mind—collagen may present a glassy appearance because, at acidic pH, it is 

“swollen,” imparting a transparent aspect to the product.  

1.7   ALTERATIONS IN MUSCLE-BASED FOOD COLOR 

 The color of meat and meat products may be altered by several factors, including exposure to 

light (source and intensity), microbial growth, rancidity, and exposure to oxygen. Despite the 

different alterations in color that may take place, only a few have been studied; these include 

the pink color of boiled uncured products, premature browning (PMB), fish skin discolora-

tion, and melanosis in crustaceans.  

1.8   PINK COLOR OF UNCURED MEAT PRODUCTS 

 The normal color of a meat product that has been heat treated but not cured is “brown,” 

although it has recently been observed that these products show an anomalous coloration (red 

or pink) (Hunt & Kropf    1987 ). This problem is of great economic importance in “grilled” 

products since this type of color is not considered desirable. This defect may occur both in 

meats with a high hemoprotein content, such as beef and lamb (red), and in those with a low 

hemoprotein concentration, including chicken and turkey (pink) (Conforth  et al .    1986 ). One 

of the principal causes of this defect is the use of water rich in nitrates, which are reduced to 

nitrites by nitrate-reducing bacteria, which react with the Mb in meat to form NOMb (Nash 

 et al .    1985 ). The same defect may occur in meat products containing paprika, which according 

to Fernández-López (   1998 ) contains nitrates that, once incorporated in the product, may be 

similarly reduced by microorganisms. Conforth  et al . (   1991 ) mention that several nitrogen 

oxides may be generated in gas and electric ovens used for cooking ham and that these nitro-

gen oxides will react with the Mb to generate nitrosohemopigments. CO is also produced in 

ovens, which reacts with Mb during thermal treatment to form a pink-colored pigment, car-

boxyhemochrome. It has also been described how the use of adhesives formed from starchy 

substances produces the same undesirable pink color in cooked products (Scriven  et al .    1987 ). 

The same anomalous pink color may be generated when the pH of the meat is high (because 
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of the addition of egg albumin to the ingredients) (Froning  et al .    1968 ) and when the cooking 

temperature during processing is too low. These conditions favor the development of a 

 reducing environment that maintains the iron of the Mb in its ferrous form, imparting a 

 reddish/pink color (as a function of the concentration of hemopigments) instead of the typical 

grayish brown color of heat-treated, uncured meat products. 

 Cooking uncured meat products, such as roast beef, at low temperatures (less than 60°C) 

may produce a reddish color inside the product, which some consumers may like. This internal 

coloring is not related to the formation of nitrosopigments, but results from the formation of 

OMb, a phenomenon that occurs because there exist in the muscle MMb-reducing enzymatic 

systems that are activated at temperatures below 60°C (Osborn  et al .    2003 ). Microbial growth 

may also cause the formation of a pink color in cooked meats since these reduce the 

oxidoreduction potential of the product during their growth. This is important when the 

microorganisms that develop in the medium are anaerobes, since they may generate reducing 

substances that decrease the heme iron. When extracts of  Pseudomonas  cultures are applied, 

the MMb may be reduced to Mb (Faustman  et al .    1990 ).  

1.9   MELANOSIS 

 Melanosis, or blackspot, involving the appearance of a dark, even black, color, may develop 

postmortem in certain shellfish during chilled and frozen storage (Slattery  et al .    1995 ). 

Melanosis is of huge economic importance since the coloration may suggest a priori in the eyes 

of the consumer that the product is in bad condition, despite the fact that the formation of the 

pigments responsible involves no health risk. Melanosis is an undesirable surface discoloration 

of such high-value shellfish as lobsters that takes place immediately after harvesting since it 

starts with oxygen contact (López-Caballero  et al .    2006 ). Blackspot is caused by enzymic 

formation of the precursors of phenolic pigments (Williams  et al .    2003 ). Blackspot is a process 

regulated by a complex biochemical mechanism, whereby the phenols present in a food are 

oxidized to quinones in a series of enzymatic reactions caused by polyphenol oxidase (PPO) 

(Ogawa  et al .    1984 ). This is followed by a polymerization reaction, which produces pigments 

of a high molecular weight and dark color. Melanosis is produced in the exoskeleton of 

crustaceans, first in the head and gradually spreading toward the tail. Melanosis of shell and 

hyperdermal tissue in some shellfish, such as lobsters, has been related to stage of molt, since 

the molting fluid is considered to be the source of the natural activator(s) of pro-PPO. 

 PPO (catechol oxidase) can be isolated from shellfish cuticle (Ali  et al .    1994 ) and is still 

active during iced or refrigerated storage. Some authors have found a connection between 

melanosis and microbial growth in crustaceans. Thus, color formation (melanin) due to strains 

of  P. fragi  may occur if prawns are not properly chilled (Chinivasagam  et al .    1998 ). In this 

respect, López-Caballero  et al . (   2006 ) reported that the presence of microorganisms (e.g., 

 Proteus  spp.,  Pseudomonas , etc.) and the H 
2
 S produced reacted with metals of the lobster 

shell resulting in melanosis. Sulfites can be used to control the process (Ferrer  et al .    1989 ; 

Gomez-Guillen  et al .    2005 ), although their use is prohibited in many countries. It is well 

known that the inhibitory effect of blackspot is specific for each species, requiring adequate 

doses and formulations (Montero  et al .    2001 ). The effective dose of 4-hexylresorcinol differs 

depending on the physiological state, season, method of application, etc., although the species 

being treated is one of the most important of these factors. Montero  et al . (   2004 ) and López-

Caballero  et al . (   2006 ) found that, regardless of the season, a concentration of 0.25% 

4- hexylresorcinol was effective in  extending the shelf life of pink shrimp. Ficin (Taoukis  et al . 
   1990 ) and 4-hexylresorcinol also functioned as a blackspot inhibitor, alone and in  combination 

with  l -lactic acid (Benner  et al .    1994 ).  
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1.10   FISH SKIN DISCOLORATION 

 In fish and other vertebrates, in which the pigmentation of the skin can be changed by hormo-

nal stimulation, the color of the background and illumination are determining factors for the 

intensity and/or the pattern of skin fish pigmentation (Duray  et al .    1996 ; Crook    1997 ; Sugimoto 

   1997 ; Healey    1999 ; Papoutsoglou  et al .    2000 ; Rotllant  et al .    2003 ). In addition, temperature 

may also have an impact on color (Fernandez & Bagnara    1991 ). In some types of fish, espe-

cially those with a red skin, the color tone becomes dark immediately after killing, reducing 

the commercial value of the fish. Most of the color changes in fish are often related to stress. 

It is generally accepted that melanophores play an important role in the rapid color change of 

certain fish (Fujii    1969 ). These changes are related to hormonal (a-melanocyte-stimulating 

hormones) responses causing dispersion of the melanin granules in melanophores and are 

responsible for skin darkening (Green & Baker    1991 ; Lamers  et al .    1992 ; Gröneveld  et al . 
   1995 ; Arends  et al .    2000 ; Burton & Vokey    2000 ). 

 In the case of Red Sea Bream, the rapid skin-color changes after killing of cultured fish is 

thought to be mainly due to the rapid dispersion of chromatosomes in melanophores elicited 

by handling and killing stresses. Potassium ions through the noradrenaline pathway can induce 

aggregation of chromatosomes in melanophores (Kumazawa & Fujii    1984 ). In fish skin, 

besides melanophores there are other chromatophores, such as xanthophores and erythro-

phores, the latter mainly contributing to the red color of the fish skin.  

1.11   PREMATURE BROWNING 

 Hard-to-cook patties show persistent internal red color and are associated with high pH (>6) 

raw meat. Pigment concentration affects red color intensity after cooking (residual undena-

tured Mb), so this phenomenon is often linked to high pH dark cutting meat from older ani-

mals. Premature browning (PMB) is a condition in which ground beef (mince) looks well 

done at a lower than expected temperature (Warren  et al .    1996 ). PMB of ground beef is a 

condition in which Mb denaturation appears to occur on cooking at a temperature lower than 

expected; it may indicate falsely that an appropriate internal core temperature of 71°C has 

been achieved (Suman  et al .    2004 ). The relationship between cooked color and internal tem-

perature of beef muscle is inconsistent and depends on pH and animal maturity. Increasing the 

pH may be of benefit in preventing PMB, but it may increase the incidence of red color in 

well-cooked meat (cooked over an internal temperature of 71.1°C) (Berry    1997 ). When pale, 

soft, exudative (PSE) meat was used in patty processing, patties containing OMb easily exhib-

ited PMB. One reason for this behavior is that the percentage of Mb denaturation increased as 

cooking temperature rose (Lien  et al .    2002 ).  

1.12   COLOR AND SHELF LIFE OF MUSCLE-BASED FOODS 

 Meat and meat products are susceptible to degradation during storage and throughout the retail 

process. In this respect, color is one of the most important quality attributes for indicating the 

state of preservation in meat. Any energy received by food can initiate its degradation, but the 

rate of any reaction depends on the exact composition of the product (Jensen  et al .    1998 ), 

environmental factors (light, temperature, presence of oxygen), and the presence of additives. 

Transition metals such as copper and iron are very important in the oxidative/antioxidative 
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balance of meat. When the free ions of these two metals interact, they reduce the action 

of  certain agents, such as cysteine, ascorbate, and alpha-tocopherol, oxidizing them and 

significantly reducing the antioxidant capacity in muscle (Zanardi  et al .    1998 ). Traditionally, 

researchers have determined the discoloration of meat using as criterion the brown color of the 

product, calculated as percent MMb (Mancini  et al .    2003 ). These authors demonstrated that in 

the estimation of the shelf life of beef or veal (considered as discoloration of the product), the 

diminution in the percent of OMb is a better tool than the increase in percentage of MMb. 

Occasionally, when the meat cut contains bone (especially in pork and beef), the hemopigments 

(mainly Hb) present in the medulla lose color because the erythrocytes are broken during 

cutting and accumulate on the surface of the bone Hb. When exposed to light and air, the color 

of the Hb changes from bright red (oxyhemoglobin [OHb]), the characteristic of blood, to 

brown (methemoglobin [MHb]) or even black (Gill    1996 ). This discoloration basically takes 

place during long periods of storage, especially during shelf-life display (Mancini  et al .    2004 ). 

This characteristic is aggravated if the product is kept in a modified atmosphere rich in oxygen 

(Lanari  et al .    1995 ). These authors also point out that the effect of bone marrow discoloration 

is minimized by the effect of bacterial growth in MAP. As in the case of fresh meat, the shelf 

life of meat products is limited by discoloration (Mancini  et al .    2004 ). This phenomenon is 

important in this type of product because they are normally displayed in illuminated cabinets. 

Consequently, the possibility of photooxidation of NOMb needs to be taken into account. 

 During this process, the molecule is activated because it absorbs light; this may subse-

quently deactivate the NOMb and give the free electrons to the oxygen to generate MMb and 

free nitrite. In model systems of NOMb photooxidation, the addition of solutions of dextrose, 

an important component of the salts used for curing cooked products and in meat emulsions, 

can diminish the effect of NOMb photooxidation. When a meat product is exposed to light or 

is stored in darkness, the use of ascorbic acid or its salts may help stabilize the product’s color. 

Such behavior has been described both in model systems of NOMb (Walsh & Rose    1956 ) and 

in dry-cured meat products (e.g., longanizas, Spanish dry-fermented sausage). However, when 

sodium isoascorbate or erythorbate is used in longanizas production, color stability is much 

reduced during the retail process (Ruíz-Peluffo  et al .    1994 ). 

 The discoloration of white meats such as turkey is characterized by color changes that go 

from pink-yellow to yellow-brown, while in veal and beef, the changes go from purple to 

grayish brown. In turkey, it has been demonstrated that the presence or absence of lipid oxida-

tion depends on, among other things, the concentration of vitamin E in the tissues. The color 

and lipid oxidation are interrelated since it has been seen that lipid oxidation in red and white 

muscle depends on the predominant form of catalyzing iron, Mb, or free iron (Mercier  et al . 
   1998 ). Compared with red meat, tuna flesh tends to undergo more rapid discoloration during 

the refrigerated storage. Discoloration due to the oxidation of Mb in red fish presented a prob-

lem, even at low temperatures. This low color stability might be related to the lower activity 

or poorer stability of MMb reductase in tuna flesh (Ching  et al .    2000 ). Another reason for the 

low color stability is that aldehydes produced during lipid oxidation can accelerate tuna OMb 

oxidation in vitro (Lee  et al .    2003a ). Tuna flesh could be immersed in an MMb reductase solu-

tion to extend the color stability of tuna fish. Also, the use of this enzyme can reduce MMb 

formation during the refrigerated storage of tuna (Tze  et al .    2001 ). Yellowtail ( Seriola quin-
queradiata ) fillets stored in gas barrier film packs filled with nitrogen (N 

2
 ) and placed in cold 

storage at 0–5°C stayed fresh for 4–7 days. N 
2
  or CO 

2
  packaging did not prevent discoloration 

in frozen tuna fillets; better results were achieved by thawing the frozen tuna meat in an O 
2
  

atmosphere (Oka    1989 ). Packaging in atmospheres containing 4% or 9% O 
2
  was inferior to 

packaging in air, as these atmospheres promoted MMb formation. Packaging in 70% O 
2
  

 maintained the fresh red color of tuna dorsal muscle for storage periods less than 3 days 
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(Tanaka  et al .    1996 ). To change the dark brown color to a bright red color, processors 

 sometimes treat tuna with 100% carbon monoxide (CO) during MAP. Since Mb can react with 

CO rapidly even at low CO concentrations (Chi  et al .    2001 ), MAP with 100% CO may result 

in high CO residues in the flesh, which may cause health problems.  

1.13    MICROORGANISMS AND MUSCLE-BASED 
FOOD COLOR 

 Although the real limiting factor in the shelf life of fresh meat is the microbial load, 

 consumers choose fresh meat according to its color. The bacterial load is usually the most 

important cause of discoloration in fresh meat and meat products (sausages and other 

cooked products), and slaughter, cutting, and packaging must be strictly controlled. 

Bacterial contamination decisively affects the biochemical mechanisms responsible for the 

deterioration of meat (Renerre    1990 ). Is it important to take into account that, just as with 

the bacterial load, the effect of discoloration on meat is more pronounced in meats that are 

more strongly pigmented (beef) than in less pigmented meats such as pork and chicken 

(Gobantes & Oliver    2000 ). Another variable affecting color stability in meat is the quantity 

of microorganisms present (Houben  et al .    1998 ); concentrations in excess of 106/g have a 

strong effect. Although antioxidants, such as ascorbic acid, slow lipid oxidation and conse-

quently improve color stability, these substances have little effect when bacterial growth is 

a problem (Zerby  et al .    1999 ).  

  REFERENCES 

    Adams ,  D.C.   &   Huffman ,  R.T.   ( 1972 )  Effect of controlled gas atmospheres and temperature on quality of 

packaged pork .  Journal of Food Science ,  37 ,  869 – 872 .  

    Adamsen ,  C.E.  ,   Hansen ,  M.L.  ,   Moller ,  J.K.S.   &   Skibsted ,  L.H.   ( 2003 )  Studies on the antioxidative activity of 

red pigments in Italian-type dry-cured ham .  European Food Research Technology ,  217 ( 3 ),  201 – 206 .  

    Adamsen ,  C.E.  ,   Moller ,  J.K.S.  ,   Laursen ,  K.  ,   Olsen ,  K.   &   Skibsted ,  L.H.   ( 2005 )  Zn-porphyrin formation in 

cured meat products: Effect of added salt and nitrite .  Meat Science, Meat Science ,  72  ( 4 ),  672 – 679 .  

    Aleson ,  L.  ,   Fernández-López ,  J.  ,   Sayas-Barberá ,  E.  ,   Sendra ,  E.   &   Pérez-Alvarez ,  J.A.   ( 2003 )  Utilization of 

lemon albedo in dry-cured sausages .  Journal of Food Science ,  68 ,  1826 – 1830 .  

    Ali ,  M.T.  ,   Gleeson ,  R.A.  ,   Wei ,  C.I.   &   Marshall ,  M.R.   ( 1994 )  Activation mechanisms of pro-phenoloxidase on 

melanosis development in Florida spiny lobster ( Panulirus argus ) cuticle .  Journal of Food Science ,  59 ( 5 ), 

 1024 – 1030 .  

    Anderson ,  H.J.  ,   Bertelsen ,  G.   &   Skibsled ,  L.H.   ( 1990 )  Colour and colour stability of hot processed frozen 

minced beef. Result from chemical model experiments tested under storage conditions .  Meat Science , 

 28 ( 2 ),  87 – 97 .  

    Arends ,  R.J.  ,   Rotllant ,  J.  ,   Metz ,  J.R.  ,   Mancera ,  J.M.  ,   Wendelaar-Bonga ,  S.E.   &   Flik ,  G  . ( 2000 )  Alpha-MSH 

acetylation in the pituitary gland of the sea bream ( Sparus aurata  L.) in response to different back-

grounds, confinement and air exposure .  Journal of Endocrinology ,  166 ( 2 ),  427 – 435 .  

    Arihara ,  K.  ,   Itoh ,  M.   &   Kondo ,  Y  . ( 1995 )  Significance of metmyoglobin reducing enzyme system in myocytes . 

In:  Proceedings of the 41st International Congress of Meat Science and Technology ,  San Antonio ,  Texas , 

C70, pp.  378 – 379 .  

    Baker ,  R.T.M.   ( 2002 )  Canthaxanthin in aquafeed applications: Is there any risk?   Trends in Food Science and 
Technology ,  12 ,  240 – 243 .  

    Benner ,  R.A.  ,   Miget ,  R.  ,   Finne ,  G.   &   Acuff ,  G.R.   ( 1994 )  Lactic acid/melanosis inhibitors to improve shelf life 

of brown shrimp ( Penaeus aztecus ) .  Journal of Food Science ,  59 ( 2 ),  242 – 245 .  

    Berry ,  B.W.   ( 1997 )  Color of cooked beef patties as influenced by formulation and final internal temperature . 

 Food Research International ,  30 ( 7 ),  473 – 478 .  

0001530800.INDD   170001530800.INDD   17 5/17/2012   3:21:33 PM5/17/2012   3:21:33 PM



18   Quality Aspects of Products of Animal Origin

    Blanch ,  A.   ( 1999 )  Getting the colour of yolk and skin right .  World Poultry ,  15 ( 9 ),  32 – 33 .  

    Boyle ,  R.C.  ,   Tappel ,  A.L.  ,   Tappel ,  A.A.  ,   Chen ,  H.   &   Andersen ,  H.J.   ( 1994 )  Quantitation of haem proteins from 

spectra of mixtures .  Journal of Agricultural and Food Chemistry ,  42 ,  100 – 104 .  

    Brewer ,  M.S.   &   Mckeith ,  F.K.   ( 1999 )  Consumer-rated quality characteristics as related to purchase intent of 

fresh pork .  Journal of Food Science ,  64 ,  171 – 174 .  

    Bryhni ,  E.A.  ,   Byrne ,  D.V.  ,   Rødbotten ,  M.  ,  et al . ( 2002 )  Consumer perceptions of pork in Denmark, Norway 

and Sweden .  Food Quality and Preference ,  13 ,  257 – 266 .  

    Burton ,  D.   &   Vokey ,  J.E.   ( 2000 )  The relative in vitro responsiveness of melanophores of winter flounder to 

a-MSH and MCH .  Journal of Fish Biology ,  56 ,  1192 – 1200 .  

    Cassens ,  R.G.  ,   Demeyer ,  D.  ,   Eikelenboom ,  G  .,  et al . ( 1995 )  Recommendation of reference method for 

 assessment of meat color .  Proceedings of the 41st International Congress of Meat Sci and Technology , 

San Antonio,  Texas , C86, pp.  410 – 411 .  

    Castaneda ,  M.P.  ,   Hirschler ,  E.M.   &   Sams ,  A.R.   ( 2005 )  Skin pigmentation evaluation in broilers fed natural and 

synthetic pigments .  Poultry Science ,  84 ( 1 ),  143 – 147 .  

    Charest ,  D.J.  ,   Balaban ,  M.O.  ,   Marshall ,  M.R.   &   Cornell ,  J.A.   ( 2001 )  Astaxanthin extraction from crawfish 

shells by supercritical CO 
2
  with ethanol as cosolvent .  Journal of Aquatic Food Product Technology ,  10 ( 3 ), 

 79 – 93 .  

    Chau ,  J.C.  ,   Sue ,  M.L.   &   Mei ,  L.T.   ( 1997 )  Characteristics of reaction between carbon monoxide gas and 

 myoglobin in tuna flesh .  Journal of Food and Drug Analysis ,  5 ( 3 ),  199 – 206 .  

    Chi ,  C.Y.  ,   Kuang ,  H.L.   &   Chau ,  J.C.   ( 2001 )  Effect of carbon monoxide treatment applied to tilapia fillet . 

 Taiwanese Journal of Agricultural Chemistry and Food Science ,  39 ( 2 ),  117 – 121 .  

    Ching ,  Y.P.  ,   Tze ,  K.C.  ,   Ming ,  L.H.   &   Shan ,  T.J.   ( 2000 )  Effect of polyethylene package on the metmyoglobin 

reductase activity and color of tuna muscle during low temperature storage .  Fish Science ,  66 ( 2 ),  84 – 89 .  

    Chinivasagam ,  H.N.  ,   Bremner ,  H.A.   &   Reeves ,  R.   ( 1998 )  Can Spoilage cause blackspot (melanosis) in stored 

prawns?   Letters in Applied Microbiology ,  27 ,  5 – 8 .  

    Choubert ,  G.   &   Baccaunaud ,  M  . ( 2006 ) C olour changes of fillets of rainbow trout ( Oncorhynchus mykiss  W.) 

fed astaxanthin or canthaxanthin during storage under controlled or modified atmosphere .  LWT—Food 
Science and Technology ,  39  ( 10 ),  1203 – 1213 .  

    Choubert ,  G.  ,   Blanc ,  J.M.   &   Courvalin ,  C.   ( 1992 )  Muscle carotenoid content and colour of farmed rainbow 

trout fed astaxanthin or canthaxanthin as affected by cooking and smoke-curing procedures .  International 
Journal of Food Science and Technology ,  27 ( 3 ),  277 – 284 .  

    Choubert ,  G.  ,   Blanc ,  J.M.   &   Vallee ,  F.   ( 1997 )  Colour measurement, using the CIELCH colour space, of muscle 

of rainbow trout,  Oncorhynchus mykiss  (Walbaum), fed astaxanthin: Effects of family, ploidy, sex, and 

location of reading .  Aquaculture Research ,  28 ( 1 ),  15 – 22 .  

    Chow ,  C.J.   ( 1991 ).  Relationship between the stability and autoxidation of myoglobin .  Journal of Agricultural 
and Food Chemistry ,  39 ( 1 ),  22 – 26 .  

    Chow ,  C.J.  ,   Ochiai ,  Y.  ,   Watabe ,  S.   &   Hashimoto ,  K.   ( 1989 )  Reduced stability and accelerated autoxidation of 

tuna myoglobin in association with freezing and thawing .  Journal of Agricultural and Food Chemistry , 

 37 ( 5 ),  1391 – 1395 .  

    Cornforth ,  D.   ( 1994 ).  Colour—Its basis and importance . In:  Advances in Meat Research  (eds   A.M .  Pearson   & 

  T.R .  Dutson  ), Vol.  9 , pp.  34 – 78 .  Chapman & Hall ,  London, U.K .  

    Cornforth ,  D.P.  ,   Vahabzadhe ,  C.E.   &   Bartholomew ,  D.T.   ( 1986 )  Role of reduced haemochromes in pink colour 

defect of cooked turkey .  Journal of Food Science ,  51 ,  1132 – 1135 .  

    Cornforth ,  D.P.  ,   Calkins ,  C.R.   &   Faustman ,  C.T.   ( 1991 )  Methods for identification and prevention of pink 

color in cooked meats .  Proceedings of Reciprocal Meat Conference ,  44 ,  53 – 58 .  

    Crook ,  A.C.   ( 1997 )  Colour patterns in a coral reef fish-is background complexity important?   Journal of 
Experimental Marine Biology and Ecology ,  217 ,  237 – 252 .  

    Davidsson ,  I.   &   Henry ,  J.B  . ( 1978 )  Diagnóstico Clínico por el laboratorio , pp.  310 – 316 .  Salvat, Barcelona , 

 Spain .  

    Diestre ,  A.   ( 1992 )  Principales problemas de la calidad de la carne en el porcino .  Alim Eq Tecnol ,  98 ,  73 – 78 .  

    Duray ,  M.N.  ,   Estudillo ,  C.B.   &   Alpasan ,  L.G.   ( 1996 )  The effect of background color and rotifer density on 

rotifer intake, growth and survival of the grouper ( Epinephelus suillus ) larvae .  Aquaculture ,  146 ,  217 – 224 .  

    Esteve ,  E.   ( 1994 )  Alimentación animal y calidad de la carne .  Eurocarne ,  31 ,  71 – 77 .  

    Everse ,  J.   and   Hsia ,  N.   ( 1997 )  The toxicities of native and modified hemoglobins .  Free Radical Biology and 
Medicine ,  22 ,  1075 – 1099 .  

    Faustman ,  C.  ,   Johnson ,  J.L.  ,   Cassens ,  R.G.   &   Doyle ,  M.P.   ( 1990 )  Color reversion in beef: Influence of psycho-

trophic bacteria .  Fleischwirt ,  70 ,  676 .  

    Faustman ,  C.  ,   Chan ,  W.K.M.  ,   Lynch ,  M.P.   &   Joo ,  S.T  . ( 1996 )  Strategies for increasing oxidative stability of 

(fresh) meat color .  Proceedings of the 49th Annual Reciprocal Meat Conference ,  Provo ,  Utah , pp.  73 – 78 .  

0001530800.INDD   180001530800.INDD   18 5/17/2012   3:21:33 PM5/17/2012   3:21:33 PM



 Chemical and Biochemical Aspects of Color in Muscle Foods   19

    Fernandez ,  P.J.   &   Bagnara ,  J.T.   ( 1991 )  Effect of background colour and low temperature on skin color 

and   circulating a-MSH in two species of leopard frog .  General and Comparative Endocrinology ,  83 , 

 132 – 141 .  

    Fernández-Ginés ,  J.M.  ,   Fernández-López ,  J.  ,   Sayas-Barberá ,  E.  ,   Sendra ,  E.   &   Pérez-Alvarez ,  J.A.   ( 2003 ) 

 Physical, chemical and sensory properties of bologna sausage made with ostrich meat .  Journal of Food 
Science ,  68 ,  1511 – 1515 .  

    Férnández-López ,  J  . ( 1998 )  Estudio del color por métodos objetivos en sistemas modelo de pastas de embuti-

dos crudo-curados. PhD thesis .  Universidad de Murcia ,  Murcia ,  Spain , p.  310 .  

    Fernández-López ,  J.  ,   Pérez-Alvarez ,  J.A.   &   Aranda-Catalá ,  V.   ( 2000 )  Effect on mincing degree on color prop-

erties in pork meat .  Color Research and Application ,  25 ,  376 – 380 .  

    Fernández-López ,  J.  ,   Pérez-Alvarez ,  J.A.  ,   Sayas-Barberá ,  M.E.   &   López-Santoveña ,  F.   ( 2002 )  Effect of 

paprika ( Capsicum annum ) on color of Spanish-type sausages during the resting stage .  Journal of Food 
Science ,  67 ,  2410 – 2414 .  

    Fernández-López ,  J.  ,   Sevilla ,  L.  ,   Sayas-Barberá ,  E.  ,   Navarro ,  C.  ,   Marín ,  F.   &   Pérez-Alvarez ,  J.A  . ( 2003 ) 

 Evaluation of antioxidant potential of hyssop ( Hyssopus officinalis  L.) and rosemary ( Rosmarinus 
 officinalis  L.) extract in cooked pork meat .  Journal of Food Science ,  68 ,  660 – 664 .  

    Ferrer ,  O.J.  ,   Otwell ,  W.S.   &   Marshall ,  M.R.   ( 1989 )  Effect of bisulfite on lobster shell phenoloxidase .  Journal 
of Food Science ,  54 ( 2 ),  478 – 480 .  

    Field ,  R.A.  ,   Sanchez ,  H.M.  ,   Ji ,  T.H.  ,   Chang ,  Y.O.   &   Smith ,  F.C.   ( 1978 )  Amino acid analysis and acrylamide gel 

electrophoresis patterns of bovine hemopoietic marrow .  Journal of Agricultural and Food Chemistry ,  26 , 

 851 .  

    Fox ,  J.B.   ( 1966 )  The chemistry of meat pigments .  Journal of Agricultural and Food Chemistry ,  14 ,  207 .  

    Francis ,  F.J.   ( 1995 )  Quality as influenced by color .  Food Quality and Preference ,  6 ,  149 – 155 .  

    Froning ,  G.W.  ,   Hargus ,  G.   &   Hartung ,  T.E.   ( 1968 )  Color and texture of ground turkey meat products as 

affected by dry egg white solids .  Poultry Science ,  47 ,  1187 .  

    Fujii ,  R.   ( 1969 )  Chromatophores and pigments . In:  Fish Physiology  (eds   W.S.   Hoar   and   D.J .  Randall  ), Vol.  III , 

pp.  307 – 353 .  Academic Press ,  New York .  

    Fujita ,  T.  ,   Satake ,  M.  ,   Watanabe ,  T.  ,  et al . ( 1983 )  Pigmentation of cultured red sea bream with astaxanthin 

diester purified from krill oil .  Nippon Suisan Gakkaishi ,  49 ,  1855 – 1861 .  

    Gill ,  C.O.   ( 1996 )  Extending the storage life of raw chilled meats .  Meat Science ,  43 ( Suppl ),  S99 – S109 .  

    Gobantes ,  I.Y.   &   Oliver ,  M.A.   ( 2000 )  Problemática de la estabilidad del color en carne de vacuno: La adición 

de vitamina E y el envasado bajo atmósfera protectora .  Eurocarne ,  85 ,  57 – 62 .  

    Gomez-Guillen ,  M.C.  ,   Martinez-Alvarez ,  O.  ,   Llamas ,  A.   &   Montero ,  P.   ( 2005 )  Melanosis inhibition and SO 
2
  

residual levels in shrimps ( Parapenaeus longirostris ) after different sulfite-based treatments .  Journal of 
the Science of Food and Agriculture ,  85 ( 7 ),  1143 – 1148 .  

    Goodrick ,  B.  ,   Milne ,  D.  ,   Grauf ,  S.   &   Dingle ,  V.   ( 1991 )  When keeping cool means keeping colour .  Australian 
Fisheries ,  50 ( 11 ),  17 – 19 .  

    Green ,  J.A.   &   Baker ,  B.I.   ( 1991 )  The influence of repeated stress on the release of melanin concentrating 

hormone in the rainbow trout .  Journal of Endocrinology ,  128 ,  261 – 266 .  

    Gröneveld ,  D.  ,   Balm ,  P.H.M.   &   Wendelaar Bonga ,  S.E.   ( 1995 )  Biphasic effect of MCH on alpha-MSH release 

from the tilapia ( Oreochromis mossambicus ) pituitary .  Peptides ,  16 ,  945 – 949 .  

    Guillou ,  A.  ,   Khalil ,  M.   &   Adambounou ,  V.   ( 1995 )  Effects of silage preservation on astaxanthin forms and fatty 

acid profiles of processed shrimp ( Pandalus borealis ) waste .  Aquaculture ,  130 ( 4 ),  351 – 360 .  

    Gutteridge ,  J.M.C.   ( 1986 )  Iron promoters of the Fenton reaction and lipid peroxidation can be released from 

hemoglobin by peroxides .  FEBS Letters ,  201 ,  291 – 295 .  

    Healey ,  E.G.   ( 1999 )  The skin pattern of young plaice and its rapid modification in response to graded changes 

in background tint and pattern .  Journal of Fish Biology ,  55 ,  937 – 971 .  

    Henmi ,  H.  ,   Hata ,  M.   &   Hata ,  V.   ( 1989 )  Astaxanthin and/or canthaxanthin-actomyosin complex in salmon 

muscle .  Bulletin of the Japanese Society for the Science of Fish ,  55 ( 9 ),  1583 – 1589 .  

    Henmi ,  H.  ,   Hata ,  M.   &   Takeuchi ,  M.   ( 1990a ).  Studies on the carotenoids in the muscle of salmon. IV. 

Resonance Raman and circular dichroism studies of astaxanthin and/or canthaxanthin in salmon muscle . 

 Bulletin of the Japanese Society for the Science of Fish ,  56 ( 11 ),  1825 – 1828 .  

    Henmi ,  H.  ,   Hata ,  M.   &   Hata ,  M.   ( 1990b )  Studies on the carotenoids in the muscle of salmon. III. Combination 

of astaxanthin and canthaxanthin with fish muscle actomyosins associated with their surface hydropho-

bicity .  Bulletin of the Japanese Society for the Science of Fish ,  56 ( 11 ),  1821 – 1823 .  

    Higgs ,  D.  ,   Donaldson ,  E.  ,   Dosanjh ,  B.  ,  et al . ( 1995 )  The case for Phaffia. A yeast-based pigmenting agent 

shows promise for adding color to salmon diets .  North Aquaculture ,  11 ( 2 ),  20 – 24 .  

    Houben ,  J.H.  ,   Eikelenboom ,  G.   &   Hoving-Bolink ,  A.H.   ( 1998 )  Effect of the dietary supplementation with 

 vitamin on colour stability and lipid oxidation in packaged, minced pork .  Meat Science ,  48 ( 3/4 ),  265 – 273 .  

0001530800.INDD   190001530800.INDD   19 5/17/2012   3:21:33 PM5/17/2012   3:21:33 PM



20   Quality Aspects of Products of Animal Origin

    Hui ,  H.C.  ,   Wen ,  H.H.   &   Tzu ,  H.H.   ( 1998 )  Thermal stability of myoglobin and color in horse mackerel mince . 

 Food Science Taiwan ,  25 ( 4 ),  419 – 427 .  

    Hunt ,  M.C.   &   Kropf ,  D.H.   ( 1987 )  Colour and appearance . In:  Restructured Meat and Poultry Products, 
Advances in Meat Research Series  (eds   A.M.   Pearson   &   T.R.   Dutson  ), Vol.  3 , pp.  125 – 159 .  Van Nostran 

Reinhold ,  New York .  

    Hwei ,  M.W.   &   Min ,  H.L.   ( 1994 )  Identification of beta-carotene and astaxanthin in squid visceral oil .  Journal 
of the Chinese Agricultural Chemical Society ,  31 ( 4 ),  431 – 443 .  

    Hyun ,  Y.K.  ,   Seung ,  H.B.  ,   Soo ,  Y.K.  ,  et al . ( 1999 )  Metabolism of dietary carotenoids and effects to improve the 

body color of oily bittering,  Acheilognathus koreensis  .  Journal of the Korean Society of Food Science and 
Nutrition ,  28 ( 5 ),  1099 – 1106 .  

    Ingemansson ,  T.  ,   Pettersson ,  A.   &   Kaufmann ,  P.   ( 1993 )  Lipid hydrolysis and oxidation related to astaxanthin 

content in light and dark muscle of frozen stored rainbow trout ( Oncorhynchus mykiss ) .  Journal of Food 
Science ,  58 ( 3 ),  513 – 518 .  

    Irie ,  M.   ( 2001 )  Optical evaluation of factors affecting appearance of bovine fat .  Meat Science ,  57 ,  19 – 22 .  

    Irie ,  M.  ,   Fujita ,  K.   &   Suduo ,  K.   ( 1999 )  Changes in meat color and alpha-tocopherol concentrations in plasma 

and tissues from Japanese beef cattle fed by two methods of vitamin E supplementation .  Australasian 
Journal of Animal Sciences ,  11 ,  810 – 814 .  

    Jensen ,  C.  ,   Laurisen ,  C.   &   Bertelsen ,  G.   ( 1998 )  Dietary vitamin E: Quality and storage stability of pork and 

poultry .  Trends in Food Science and Technology ,  9 ,  62 – 72 .  

    Kalyanasundaram ,  K  . ( 1992 )  Photochemistry of Poly-pyridine and Porphyrin Complexes , pp.  25 – 56 .  Academic 

Press ,  New York .  

    Kanner ,  J.   ( 1994 )  Oxidative processes in meat products: Quality implications .  Meat Science ,  36 ,  169 – 189 .  

    Kanner ,  J.   &   Harel ,  S  . ( 1987 )  Desferrioxamine as an electron donor. Inhibition of membranal lipid  peroxidation 

initiated by H2O2-activated metmyoglobin and other peroxidizing systems .  Free Radical Research 
Communications ,  3 ,  1 – 5 .  

    Kanner ,  J.  ,   German ,  J.B.   &   Kinsella ,  J.E.   ( 1987 )  Initiation of lipid peroxidation in biological systems .  CRC 
Critical Reviews in Food Science and Nutrition ,  25 ,  317 – 364 .  

    Kentouri ,  M.  ,   Pavlidis ,  M.  ,   Papandroulakis ,  N.   &   Divanach ,  P  . ( 1995 )  Culture of the red porgy,  Pagrus pagrus , 

in Crete. Present knowledge, problems and perspectives .  Cahiers Options Mediterraneennes ,  16 ,  65 – 78 .  

    Klomklao ,  S.  ,   Benjakul ,  S.  ,   Visessanguan ,  W.  ,   Kishimura ,  H.   &   Simpson ,  B.K.   ( 2006 )  Effects of the addition 

of spleen of skipjack tuna ( Katsuwonus pelamis ) on the liquefaction and characteristics of fish sauce 

made from sardine ( Sardinella gibbosa ) .  Food Chemistry ,  98 ,  440 – 452 .  

    Knipe ,  L.   ( 1993 )  Basic Science of Meat Processing Cured Meat Short Course .  Meat Laboratory, Iowa State 

University Press ,  Ames, Iowa .  

    Krammer ,  A.   ( 1994 )  Use of color measurements in quality control of food .  Food Technology ,  48 ( 10 ),  62 – 71 .  

    Kumazawa ,  T.   and   Fujii ,  R.   ( 1984 )  Concurrent releases of norepinephrine and purines by potassium from 

adrenergic melanosome-aggregating nerve in tilapia .  Comparative Biochemistry and Physiology ,  78C , 

 263 – 266 .  

    Lamers ,  A.E.  ,   Flik ,  G.  ,   Atsma ,  W.   &   Wendelaar Bonga ,  S.E.   ( 1992 )  A role for di-acetyl alpha-melanocyte 

stimulating-hormone in the control of cortisol release in the teleost  Oreochromis mossambicus  .  Journal 
of Endocrinology ,  135 ,  285 – 292 .  

    Lanari ,  M.C.   &   Cassens ,  R.G.   ( 1991 )  Mitochondrial activity and beef muscle color stability .  Journal of Food 
Science ,  56 ,  1476 – 1479 .  

    Lanari ,  M.C.  ,   Schaefer ,  D.M.   &   Scheller ,  K.K.   ( 1995 )  Dietary vitamin E supplementation and discoloration of 

pork bone and muscle following modified atmosphere packaging .  Meat Science ,  41 ( 3 ),  237 – 250 .  

    Lanari ,  M.C.  ,   Brewster ,  M.  ,   Yang ,  A.   &   Tume ,  R.K.   ( 2002 )  Pasture and grain finishing affect the color stability 

of beef .  Journal of Food Science ,  67 ,  2467 – 2473 .  

    Ledward ,  D.A.   ( 1984 )  Haemoproteins in meat and meat products . In:  Developments in Food Proteins  (ed.   D.A . 

 Ledward  ), pp.  33 – 68 .  Applied Science ,  London, U.K .  

    Ledward ,  D.A.   ( 1992 )  Colour of raw and cooked meat . In:  The Chemistry of Muscle Based Foods  (eds   D.A.    

  Ledward ,  D.E .  Johnston   &   M.K .  Knight  ), pp.  128 – 144 .  The Royal Society of Chemistry ,  Cambridge, U.K .  

    Lee ,  E.J.  ,   Love ,  J.   &   Ahn ,  D.U.   ( 2003a )  Effects of antioxidants on consumer acceptance of irradiated turkey 

meat .  Journal of Food Science ,  68 ,  1659 – 1663 .  

    Lee ,  S.  ,   Joo ,  S.T.  ,   Alderton ,  A.L.  ,   Hill ,  D.W.   and   Faustman ,  C.   ( 2003b )  Oxymyoglobin and lipid oxidation in 

yellowfin tuna ( Thunnus albacares ) loins .  Journal of Food Science ,  68 ( 5 ),  1164 – 1168 .  

    Lehninger ,  A.L  . ( 1981 )  Bioquímica. Las bases moleculares de la estructura y función celular , pp.  230 – 233 . 

 Omega, Barcelona ,  Spain .  

0001530800.INDD   200001530800.INDD   20 5/17/2012   3:21:34 PM5/17/2012   3:21:34 PM



 Chemical and Biochemical Aspects of Color in Muscle Foods   21

    Liaaen-Jensen ,  L.   ( 1971 )  Isolation, reaction . In:  Carotenoids  (ed.   O .  Isler  ), pp.  61 – 188 .  Birkhä user Verlag , 

 Basel, Switzerland .  

    Lien ,  R.  ,   Hunt ,  M.C.  ,   Anderson ,  S.  ,  et al . ( 2002 )  Effects of endpoint temperature on the internal color of pork 

patties of different myoglobin form, initial cooking state, and quality .  Journal of Food Science ,  67 ( 3 ), 

 1011 – 1015 .  

    Lin ,  M.Q.  ,   Ushio ,  H.  ,   Ohshima ,  T.  ,   Yamanaka ,  H.   &   Koizumi ,  C.   ( 1998 )  Skin color control of the red sea bream 

( Pagrus major ) .  Lebensmittel-Wissenschaft und-Technologie ,  31 ,  27 – 32 .  

    Little ,  A.C.  ,   Martinse ,  C.   &   Sceurman ,  L.   ( 1979 )  Color assessment of experimentally pigmented rainbow trout . 

 Color Research & Application ,  4 ( 2 ),  92 – 95 .  

    López-Caballero ,  M.E.  ,   Martínez-Alvarez ,  O.  ,   Gómez-Guillén ,  M.C.   &   Montero ,  P.   ( 2006 )  Quality of Norway 

lobster ( Nephrops norwegicus ) treated with a 4-hexylresorcinol-based formulation .  European Food 
Research and Technology ,  222 ,  425 – 431 .  

    Lorient ,  D.   ( 1982 )  Propiedades funcionales de las proteínas de origen animal . In:  Proteínas Animales  

(eds   C.M.   Bourgeois   and   P.   Le Roux  ), pp.  215 – 225 .  El Manual Moderno ,  México .  

    MacDougall ,  D.B.   ( 1982 )  Changes in the colour and opacity of meat .  Food Chemistry ,  9 ( 1/2 ),  75 – 88 .  

    Mancini ,  R.A.  ,   Hunt ,  M.C.   &   Kropf ,  D.H.   ( 2003 )  Reflectance at 610 nm estimates oxymyoglobin content on 

the surface of ground beef .  Meat Science ,  64 ,  157 – 162 .  

    Mancini ,  R.A.  ,   Hunt ,  M.C.  ,   Hachmeister ,  K.A.  ,   Kropf ,  D.H.   &   Johnson ,  D.E.   ( 2004 )  Ascorbic acid minimizes 

lumbar vertebrae discoloration .  Meat Science ,  68 ( 3 ),  339 – 345 .  

    Mercier ,  Y.  ,   Gatellier ,  P.  ,   Viau ,  M.  ,   Remington ,  H.   &   Renerre ,  M.   ( 1998 )  Effect of dietary fat and vitamin E on 

colour stability and on lipid and protein oxidation in turkey meat during storage .  Meat Science ,  48 ( 3/4 ), 

 301 – 318 .  

    Minguéz-Mosquera ,  M.I  . ( 1997 )  Clorofilas y caroten-oides en tecnología de alimentos , pp.  15 – 17 .   Uni-versidad 

de Sevilla ,  Sevilla, Spain .  

    Moe ,  N.H.   ( 1990 )  Key factors in marketing fanned salmon .  Proceedings of the Nutrition Society of New 
Zealand ,  15 ,  16 – 22 .  

    Moller ,  J.K.S.  ,   Adamsen ,  C.E.   &   Skibsted ,  L.H.   ( 2003 )  Spectral characterisation of red pigment in Italian-type 

dry-cured ham. Increasing lipophilicity during processing and maturation .  European Food Research and 
Technology ,  216 ( 4 ),  290 – 296 .  

    Montero ,  P.  ,   Ávalos ,  A.   &   Pérez-Mateos ,  M.   ( 2001 )  Characterization of polyphenoloxidase of prawns ( Penaeus 
japonicus ). Alternatives to inhibition: Additives and high pressure treatment .  Food Chemistry ,  75 , 

 317 – 324 .  

    Montero ,  P.  ,   Martínez-Alvarez ,  O.   &   Gómez-Guillén ,  M.C.   ( 2004 )  Effectiveness of onboard application of 

4-hexylresorcinol in inhibiting melanosis in shrimp ( Parapenaeus longirostris ) .  Journal of Food Science , 

 68 ( 8 ),  643 – 647 .  

    Mori ,  T.   ( 1993 )  Pigmentation of cultured fishes . In:  Carotenoids in Marine Organisms  (ed.   W .  Miki  ), pp.  59 – 68 . 

 Kouseisya ,  Kouseikaku, Tokyo .  

    Moss ,  B.W.   ( 1992 )  Lean meat, animal welfare and meat quality . In:  The Chemistry of Muscle Based Foods  (eds 

  D.A.   Ledward  ,   D.E .  Johnston   &   M.K .  Knight  ), pp.  62 – 76 .  The Royal Society of Chemistry ,  Cambridge, 

U.K .  

    Nash ,  D.M.  ,   Proudfoot ,  F.G.   &   Hulan ,  H.W.   ( 1985 )  Pink discoloration in broiler chicken .  Poultry Science ,  64 , 

 917 – 919 .  

    Ngoka ,  D.A.   &   G.W.   Froning  . ( 1982 )  Effect of free struggle and preslaughter excitement on color of turkey 

breast muscles .  Poultry Science ,  61 ,  2291 – 2293 .  

    Nickell ,  D.C.   &   Bromage ,  N.R.   ( 1998 )  The effect of timing and duration of feeding astaxanthin on the 

 development and variation of fillet colour and efficiency of pigmentation in rainbow trout ( Orcorhy-nchus 
mykiss ) .  Aquaculture ,  169 ,  233 – 246 .  

    Nicolalde ,  C.  ,   Stetzer ,  A.J.  ,   Tucker ,  E.M.  ,   McKeith ,  F.K.   &   Brewer ,  M.S.   ( 2005 )  Antioxidant and modified 

atmosphere packaging prevention of discoloration in pork bones during retail display .  Meat Science , 

 72 ( 4 ),  713 – 718 .  

    Norris ,  A.T.   &   Cunningham ,  E.P.   ( 2004 )  Estimates of phenotypic and genetic parameters for flesh colour traits 

in farmed Atlantic salmon based on multiple trait animal model .  Livestock Production Science ,  89 , 

 209 – 222 .  

    Numata ,  M.   &   Wakamatsu ,  J  . ( 2003 )  Natural red pigments and foods and food materials containing the 

 pigments . Patent WO 03/063615 A1.  

    Ogawa ,  M.  ,   Perdiago ,  N.B.  ,   Santiago ,  M.E.   &   Kozima ,  T.T.   ( 1984 )  On physiological aspects of black spot 

appearance in shrimp .  Bulletin of the Japanese Society for the Science of Fish ,  50 ( 10 ),  1763 – 1769 .  

0001530800.INDD   210001530800.INDD   21 5/17/2012   3:21:34 PM5/17/2012   3:21:34 PM



22   Quality Aspects of Products of Animal Origin

    Ohshima ,  T.  ,   Wada ,  S.   &   Koizumi ,  C.   ( 1988 )  Influences of haeme pigment, non-haeme iron, and nitrite on lipid 

oxidation in cooked mackerel meat .  Bulletin of the Japanese Society for the Science of Fish ,  54 ( 12 ), 

 2165 – 2171 .  

    Oka ,  H.   ( 1989 )  Packaging for freshness and the prevention of discoloration of fish fillets .  Packaging Technology 
and Science ,  2 ( 4 ),  201 – 213 .  

    Osborn ,  H.M.  ,   Brown ,  H.  ,   Adams ,  J.B.   &   Ledward ,  D.A.   ( 2003 )  High temperature reduction of metmyoglobin 

in aqueous muscle extracts .  Meat Science ,  65 ,  631 – 637 .  

    Ostermeyer ,  U.   &   Schmidt ,  T.   ( 2004 )  Differentiation of wild salmon, conventionally and organically farmed 

salmon .  Deutschland Lebens Rund ,  100 ( 11 ),  437 – 444 .  

    Pagán-Moreno ,  M.J.  ,   Gago-Gago ,  M.A.  ,   Pérez-Alvarez ,  J.A.  ,  et al . ( 1998 )  The evolution of colour parameters 

during “chorizo” processing .  Fleischwt ,  78 ( 9 ),  987 – 989 .  

    Papoutsoglou ,  S.E.  ,   Mylonakis ,  G.  ,   Miliou ,  H.  ,   Karakatsouli ,  N.P.   &   Chadio ,  S  . ( 2000 )  Effects of background 

color on growth performances and physiological responses of scaled carp ( Cyprinus carpio  L.) reared in 

a closed circulation system .  Aquacultural Engineering ,  22 ,  300 – 318 .  

    Park ,  J.W.   &   Morrisey ,  M.T  . ( 1994 )  The need for developing the surimi standar . In:  Quality Control and 
Quality Assurance Seafood  (eds   G.   Sylvia  ,   A.   Shriver  ,   M.T.   Morrisey  ), p.  265 .  Oregon Sea Grant , 

 Corvallis, Oregon .  

    Parolari ,  G.  ,   Gabba ,  L.   &   Saccani ,  G.   ( 2003 )  Extraction properties and absorption spectra of dry cured hams 

made with and without nitrate .  Meat Science ,  64 ( 4 ),  483 – 490 .  

    Pérez-Alvarez ,  J.A  . ( 1996 )  Contribución al estudio objetivo del color en productos cárnicos crudo-curados . 

PhD thesis.  Universidad Politécnica de Valencia ,  Valencia, Spain , p.  210 .  

    Pérez-Alvarez ,  J.A.  ,   Sánchez-Rodriguez ,  M.E.  ,   Fernández-López ,  J.  ,   Gago-Gago ,  M.A.  ,   Ruíz-Peluffo ,  M.C.  , 

  Rosmini ,  M.R.  ,   Pagán-Moreno ,  M.J.  ,   Lopez-Santoveña ,  F.   &   Aranda-Catalá ,  V.   ( 1997 )  Chemical and 

color characteristics of “Lomo embuchado” during salting seasoning .  Journal of Muscle Foods ,  8 ( 4 ), 

 395 – 411 .  

    Pérez-Alvarez ,  J.A.  ,   Fernández-López ,  J.   and   Sayas-Barberá ,  M.E.   ( 2000 )  Fundamentos físicos, químicos, 

ultraestructurales y tecnológicos en el color de la carne . In:  Nuevas tendencias en la tecnología e higiene 
de la industria cárnica  (eds   M. Rosmini ,  J.A  .   Pérez-Alvarez ,  J  .   Fernández-López  ), pp.  51 – 71 .  Miguel 

Hernández de Elche ,  Elche, Spain .  

    Pikul ,  J.  ,   Niewiarowicz ,  A.   &   Kupijaj ,  H.   ( 1986 )  The cytochrome c content of various poultry meats .  Journal 
of the Science of Food and Agriculture ,  37 ,  1236 – 1240 .  

    Rehbein ,  H.   &   Orlick ,  B.   ( 1990 )  Comparison of the contribution of formaldehyde and lipid oxidation products 

to protein denaturation and texture deterioration during frozen storage of minced ice-fish fillet 

( Champsocephalus gunnari  and  Pseudochaenichthys georgianus ) .  International Journal of Refrigeration , 

 13 ( 5 ),  336 – 341 .  

    Renerre ,  M.   ( 1990 )  Review: Factors involved in discoloration of beef meat .  International Journal of Food 
Science and Technology ,  25 ,  613 – 630 .  

    Richards ,  M.P.   and   Hultin ,  H.O.   ( 2002 )  Contributions of blood and blood components to lipid oxidation in fish 

muscle .  Journal of Agricultural and Food Chemistry ,  50 ( 3 ),  555 – 564 .  

    Richards ,  M.P.   and   Li ,  R.   ( 2004 )  Effects of released iron, lipid peroxides, and ascorbate in trout hemoglobin-

mediated lipid oxidation of washed cod muscle .  Journal of Agricultural and Food Chemistry ,  52 , 

 4323 – 4329 .  

    Rotllant ,  J.  ,   Tort ,  L.  ,   Montero ,  D.  ,   Pavlidis ,  M.  ,   Martinez ,  M.  ,   Wendelaar-Bonga ,  S.E.   &   Balm ,  P.H.M.   ( 2003 ) 

 Background colour influence on the stress response in cultured red porgy  Pagrus pagrus  .  Aquaculture , 

 223 ,  129 – 139 .  

    Ruíz-Peluffo ,  M.C.  ,   Pérez-Alvarez ,  J.A.   &   Aranda-Catalá ,  V.   ( 1994 )  Longaniza de pascua: Influencia del 

ascorbato e isoascorbato de sodio sobre las propiedades fisicoquímicas y de color . In:  Anales de 
Investigación del Master en Ciencia e Ingeniería de Alimentos  (eds   P.   Fito  ,   J.   Serra  ,   E.   Hernández   

&   D .  Vidal  ), Vol.  IV , pp.  675 – 688 .  Reproval ,  Valencia, Spain .  

    Sachindra ,  N.M.  ,   Bhaskar ,  N.   &   Mahendrakar ,  N.S.   ( 2005a )  Carotenoids in different body components of 

Indian shrimps .  Journal of the Science of Food and Agriculture ,  85 ( 1 ),  167 – 172 .  

    Sachindra ,  N.M.  ,   Bhaskar ,  N.   &   Mahendrakar ,  N.S.   ( 2005b )  Carotenoids in crabs from marine and fresh 

waters of India .  Food Science and Technology ,  38 ( 3 ),  221 – 225 .  

    Sakiura ,  T  . ( 2001 )  Cultured fish carotenoid and polyphenol added feed for improving fish body color tone and 

fish meat brilliance . U.S. Patent 2001/0043982 A1.  

    Saksit ,  C.  ,   Ogawa ,  M.  ,   Tamiya ,  T.   &   Tsuchiya ,  T.   ( 1996 )  Studies on thermal denaturation of fish myoglobins 

using differential scanning calorimetry, circular dichroism, and tryptophan fluorescence .  Fish Science , 

 62 ( 6 ),  927 – 932 .  

0001530800.INDD   220001530800.INDD   22 5/17/2012   3:21:34 PM5/17/2012   3:21:34 PM



 Chemical and Biochemical Aspects of Color in Muscle Foods   23

    Saksit ,  C.  ,   Nieda ,  H.  ,   Ogawa ,  M.  ,   Tamiya ,  T.   &   Tsuchiya ,  T.   ( 1998 )  Changes in light scattering intensity of fish 

holo-, and apo- and reconstituted myoglobins under thermal denaturation .  Fish Science ,  64 ( 5 ),  846 – 887 .  

    Sánchez-Escalante ,  A.  ,   Djenane ,  D.  ,   Torrescano ,  G.  ,   Beltran ,  J.A.   &   Roncales ,  P.   ( 2003 )  Antioxidant action of 

borage, rosemary, oregano and ascorbic acid in beef patties packaged in modified atmospheres .  Journal 
of Food Science ,  68 ,  339 – 344 .  

    Sayas ,  M.E  . ( 1997 )  Contribuciones al proceso tecnológico de elaboración del jamón curado: aspectos físicos, 
fisicoquímicos y ultraestructurales en los procesos de curado tradicional y rápido . PhD thesis.  Universidad 

Politécnica de Valen-cia ,  Valencia, Spain , p.  175 .  

    Scriven ,  F.  ,   Sporns ,  P.   &   Wolfe ,  F.   ( 1987 )  Investigations of nitrite and nitrate levels in paper materials used to 

package fresh meats .  Journal of Agricultural and Food Chemistry ,  35 ,  188 – 192 .  

    Shahidi ,  F.   and   Matusalach-Brown ,  J.A.   ( 1998 )  Carotenoid pigments in seafoods and aquaculture .  Critical 
Reviews in Food Science ,  38 ( 1 ),  1 – 67 .  

    Sigurgisladottir ,  S.  ,   Parrish ,  C.C.  ,   Lall ,  S.P.   &   Ackman ,  R.G.   ( 1994 )  Effects of feeding natural tocopherols 

and astaxanthin on Atlantic salmon ( Salmo salar ) fillet quality .  Food Research International ,  27 ( 1 ), 

 23 – 32 .  

    Sigurgisladottir ,  S.  ,   Torrissen ,  O.  ,   Lie ,  Ø.  ,   Thomassen ,  M.   &   Hafsteinsson ,  H.   ( 1997 )  Salmon quality: Methods 

to determine the quality parameters .  Reviews in Fisheries Science ,  5 ( 3 ),  223 – 252 .  

    Slattery ,  S.L.  ,   Williams ,  D.J.   &   Cusack ,  A.   ( 1995 )  A sulphite free treatment inhibits blackspot formation in 

prawns .  Food-Australia ,  47 ( 11 ),  509 – 514 .  

    Stauton-West ,  E.  ,   Todd ,  W.R.  ,   Mason ,  H.S.   and   Van Bruggen ,  J.T  . ( 1969 )  Bioquímica Médica , pp.  616 – 623 . 

 Interamericana ,  México .  

    Storebakken ,  T.   and   Choubert ,  G.   ( 1991 )  Flesh pigmentation of rainbow trout fed astaxanthin or canthaxanthin 

at different feeding rates in freshwater and saltwater .  Aquaculture ,  95 ,  289 – 295 .  

    Sugimoto ,  M.   ( 1997 )  Regulation of melanophore responsiveness in the background-adapted medaka,  Oryzias 
latipes : Change in the intracellular signalling system .  Comparative Biochemistry and Physiology ,  C   117 , 

 259 – 265 .  

    Suman ,  S.P.  ,   Faustman ,  C.  ,   Lee ,  S.  ,   Tang ,  J.  ,   Sepe ,  H.A.  ,   Vasudevan ,  P.  ,   Annamalai ,  T.  ,   Manojkumar ,  M.  , 

  Marek ,  P.  ,   DeCesare ,  M.   &   Venkitanarayanan ,  K.S.   ( 2004 )  Effect of muscle source on premature  browning 

in ground beef .  Meat Science ,  68 ( 3 ),  457 – 461 .  

    Svingen ,  B.A.  ,   Buege ,  J.A.  ,   O’Neal ,  F.O.   &   Aust ,  S.D.   ( 1979 )  The mechanism of NADPH-dependent lipid 

peroxidation .  Journal Biological Chemistry ,  254 ,  5892 – 5899 .  

    Swatland ,  H.J.   ( 1988 )  Carotene reflectance and the yellows of bovine adipose tissue measured with a portable 

fiber-optic spectrophotometer .  Journal of the Science of Food and Agriculture ,  46 ,  195 – 200 .  

    Swatland ,  H.J.   ( 1995 )  Reversible pH effect on pork paleness in a model system .  Journal of Food Science , 

 60 ( 5 ),  988 – 991 .  

    Tadolini ,  B.   and   Hakim ,  G.   ( 1996 ).  The mechanism of iron (III) stimulation of lipid peroxidation .  Free Radical 
Research ,  25 ,  221 – 227 .  

    Tanaka ,  M.  ,   Nishino ,  H.  ,   Satomi ,  K.  ,   Yokoyama ,  M.   &   Ishida ,  Y.   ( 1996 )  Gas-exchanged packaging of tuna 

fillets .  Nippon Suisasn Gakkaishi ,  62 ( 5 ),  800 – 805 .  

    Taoukis ,  P.S.  ,   Labuza ,  T.P.  ,   Lillemo ,  J.H.   &   Lin ,  S.W.   ( 1990 )  Inhibition of shrimp melanosis (black spot) by 

ficin .  Lebensmittel-Wissenschaft und-Technologie ,  23 ( 1 ),  52 – 54 .  

    Torrissen ,  O.J.   ( 1986 )  Pigmentation of salmonids-a comparison of astaxanthin and canthaxanthin as pigment 

sources for rainbow trout .  Aquaculture ,  53 ,  271 – 278 .  

    Torrisen ,  O.J.  ,   Hardy ,  R.W.   &   Shearer ,  K.D.   ( 1989 )  Pigmentation of salmonids carotenoids deposition and 

metabolism .  Aquatic Science ,  1 ,  209 – 225 .  

    Tze ,  K.C.  ,   Ching ,  Y.P.  ,   Fang ,  P.N.   &   Shann ,  T.J.   ( 2001 )  Effect of met-myoglobin reductase on the color  stability 

of blue fin tuna during refrigerated storage .  Fish Science ,  67 ( 4 ),  694 – 702 .  

    Urbain ,  M.W.   ( 1952 )  Oxygen is key to the color of meat .  NatProv ,  127 ,  140 – 141 .  

    Verdoes ,  J.C.  ,   Krubasik ,  P.  ,   Sandmann ,  G.   &   van   Ooyen ,  A.J.J.   ( 1999 )  Isolation and functional characterisation 

of a novel type of carotenoid biosynthetic gene from  Xanthophyllomyces dendrorhous  .  Molecular 
Genetics and Genomics ,  262 ( 3 ),  453 – 461 .  

    Virgili ,  R.  ,   Parolari ,  G.  ,   Bordini ,  C.S.  ,   Schivazappa ,  C.  ,   Cornet ,  M.   &   Monin ,  G.   ( 1999 )  Free amino acid 

 dipeptides in dry-cured ham .  Journal of Muscle Foods ,  10 ,  119 – 130 .  

    Wakamatsu ,  J.  ,   Nishimura ,  T.   &   Hattori ,  A.   ( 2004a )  A Zn-porphyrin complex contributes to bright red colour 

in Parma ham .  Meat Science ,  67 ( 1 ),  95 – 100 .  

    Wakamatsu ,  J.  ,   Okui ,  J.  ,   Ikeda ,  Y.  ,   Nishimura ,  T.   &   Hattori ,  A.   ( 2004b )  Establishment of a model experiment 

system to elucidate the mechanism by which Zn-protoporphyrin IX is formed in nitrite-free dry-cured 

ham .  Meat Science ,  68 ( 2 ),  313 – 317 .  

0001530800.INDD   230001530800.INDD   23 5/17/2012   3:21:34 PM5/17/2012   3:21:34 PM



24   Quality Aspects of Products of Animal Origin

    Walsh ,  K.A.   &   Rose ,  D.   ( 1956 )  Factors affecting the oxidation of nitric oxide myoglobin .  Journal of 
Agricultural and Food Chemistry ,  4 ( 4 ),  352 – 355 .  

    Warren ,  K.E.  ,   Hunt ,  M.C.  ,   Kropf ,  D.H.  ,  et al . ( 1996 )  Chemical properties of ground beef patties exhibiting 

normal and premature brown internal cooked color .  Journal of Muscle Foods ,  7 ( 3 ),  303 – 314 .  

    Warris ,  P.D.   &   Rhodes ,  D.N.   ( 1977 )  Haemoglobin concentrations in beef .  Journal of Science and Food 
Agriculture ,  28 ,  931 – 934 .  

    Whitaker ,  J.R  . ( 1972 )  Principles of Enzymology for the Food Sciences , pp.  225 – 250 .  Marcel Dekker ,  New York .  

    Williams ,  H.G.  ,   Davidson ,  G.W.   &   Mamo ,  JC.   ( 2003 )  Heat induced activation of polyphenoloxidase in wester 

rock lobster ( Panulinus cygnus ) hemolymph: Implications for heat processing .  Journal of Food Science , 

 68 ,  1928 – 1932 .  

    Xin ,  F.   &   Shun ,  W.   ( 1993 )  Enhancing the antioxidant effect of alpha-tocopherol with rosemary in inhibiting 

catalyzed oxidation caused by Fe21 and hemoprotein .  Food Research International ,  26 ( 6 ),  405 – 411 .  

    Yanar ,  Y.  ,   Büyükçapar ,  H.B.   &   Yanar ,  M.   &   Göcer ,  M  . ( 2006 )  Effect of carotenoids from red pepper and 

 marigold flower on pigmentation, sensory properties and fatty acid composition of rainbow trout . 

 Food Chemistry , In Press.  

    Zanardi ,  E.  ,   Novelli ,  E.  ,   Nanni ,  N.  ,  et al . ( 1998 )  Oxidative stability and dietary treatment with vitamin E, oleic 

acid and copper of fresh and cooked pork chops .  Meat Science ,  49 ( 3 ),  309 – 320 .  

    Zerby ,  H.N.  ,   Belk ,  K.E.  ,   Sofos ,  J.N.  ,   Mcdowell ,  L.R.  ,   Williams ,  S.N.   &   Smith ,  G.C.   ( 1999 )  Display life of 

fresh beef containing different levels of vitamin E and initial microbial contamination .  Journal of Muscle 
Foods ,  10 ,  345 – 355 .  

    Zhou ,  G.H.  ,   Yang ,  A.   &   Tume ,  R.K.   ( 1993 )  A relationship between bovine fat colour and fatty acid composi-

tion .  Meat Science ,  35 ( 2 ),  205 – 212 .  

    Zhu ,  L.G.   &   Brewer ,  M.S.   ( 2002 )  Combined effects of pH and temperature on myoglobin in a model system . 

 Meat Science ,  61 ,  419 – 424 .  

    Zhu ,  L.G.   &   Brewer ,  M.S.   ( 2003 )  Effects of urea denaturation and pH on the ability of porcine myoglobin to 

undergo reduction .  Meat Science ,  63 ,  427 – 432 .    

0001530800.INDD   240001530800.INDD   24 5/17/2012   3:21:34 PM5/17/2012   3:21:34 PM


