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ABSTRACT 
 
Nitrites are used in meat curing because of their unique properties in cured color formation, 

antioxidant activity, typical cured flavor and bacteriostatic effects. However, there is concern 

about the safety of nitrite even though current research has shown that nitrite has beneficial 

physiological roles in the human body. Nitrite is known to react with secondary amines 

leading to the formation of nitrosamines, many of which have been found to be carcinogenic. 

Consumers are now more aware of food safety issues and during the past ten years the 

proliferation of new products classified as ‘natural’, ‘organic’ and ‘clean label products’ has 

been seen. The meat industry is also now under pressure to produce products which meet this 

criteria. This has led to advances in meat studies to use natural sources of nitrite to cure meat 

since a substitute for nitrite has not been found yet. The use of natural sources of nitrite 

requires a nitrate source and a starter culture that has the ability to reduce nitrate to nitrite. 

Natural nitrite derived from plant sources may offer more benefits than conventional nitrite 

because the vegetable derived nitrite is not pure but may contain other plant compounds, some 

of which can be nutrients such as vitamins and phytochemicals. 

This dissertation is divided into two parts. The first part is a preliminary study which aimed at 

screening the ability of Staphylococcus carnosus to reduce nitrate to nitrite and to find if this 

potential can be applied to vegetable nitrate. Two vegetables were used: celery and spinach, 

both used as dried and fresh material. From this study, it was concluded that S. carnosus has 

the capacity to reduce nitrate to nitrite, this potential can be applied to plant nitrate and the 

highest conversion of nitrate to nitrite was found using fresh spinach. 

The second part was aimed at determining if the supernatants from microbial fermentation of 

spinach can be used to cure a meat product giving the characteristics of a conventional cured 

meat product in terms of color, oxidative stability and residual nitrite. It was found that the 

supernatants did not contain sufficient nitrite. Therefore, concentration by freeze drying was 

necessary in order to cure the meat using a concentration of 80 mg/L nitrite. The freeze dried 

powder was used to cure pork meat and the results obtained showed that natural nitrite can be 

used to cure meat products providing characteristics typical of synthetic nitrite cured products.
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1 INTRODUCTION 

Nitrite is a very common ingredient in the meat industry because of its important application 

in curing of meat. Nitrites are added in meat products particularly because they lead to the 

formation of the typical red or pink color of cured meats characterized by the formation of 

nitrosomyoglobin in the meat system. More importantly nitrites guarantee the microbial 

safety of the cured meat products by constraining the outgrowth and neurotoxin formation by 

Clostridium botulinum (Cammack et al. 1999, Viuda-Martos et al. 2009). Furthermore, 

nitrites have been found to prevent oxidation of unsaturated fatty acids, thereby preventing 

rancidity and the occurrence of warmed-over flavors (Terns et al. 2011), although the 

mechanism of these functional properties of nitrite are the least understood.   

Even though nitrites play a pivotal role in the curing of meat, concern about its safety exists. 

It has been found that under certain processing conditions, both in the meat matrix and in the 

human body (Hammes 2012), nitrites can react with secondary amines to form nitrosamines. 

Many nitrosamines are known cancer-causing agents in test animals (Krause et al. 2011, Eple 

et al. 1992). Nitrosamines have been implicated in blue baby syndrome, a condition which is 

fairly common in infants, and also in the pathology of some cancers (Cammack et al. 1999). 

Despite the safety issues associated with the use of nitrites, no substitute has been found to 

replace nitrite in the production of meat products, giving the same distinctive and typical 

flavor and color of cured meat (Sindelar et al. 2007). The challenge for the meat industry is to 

find strategies to reduce residual nitrite in cured meat as this can directly reduce the intake of 

nitrites from cured meats (Viuda-Martos et al. 2009). 

Over the years, the safety of food products has become a priority and consumers have 

become more and more aware of safety issues. Consumers are now so concerned about their 

health that they are willing to pay premiums of 10% to 40% for natural and organic products 

(Winter and Davis 2006) and premiums may even go up to 200% for meat and poultry 

products (Sebranek and Bacus 2007). Consumers are also willing to pay more for products 

which contain a few chemical additives and these products are categorized under the name 

“clean label food”,  meaning “a food with little E-Numbers on the label” (Hammes 2012). 

Cured meat products contain synthetic salts e.g. potassium nitrate (E 251) or sodium nitrate 

(E 252) or they may also contain potassium nitrite (E 249) or sodium nitrite (E 250). These 

additives are well known to have a negative perception amongst consumers. Because of the 

large premiums that consumers are willing to pay, the meat industry faces a challenge to 
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produce products that meet the demands of the consumers. A new group of meat and poultry 

products has thus emerged. These products use natural sources of nitrate in the product 

formulation and they try to simulate conventionally cured meat products (Krause et al. 2011).  

To produce natural and organic cured meat products, there is a need for a natural source of 

nitrate. It is more feasible to find a natural source of nitrate than nitrite because the nitrate ion 

is less reactive and also it is more stable than the nitrite ion (Sebranek and Bacus 2007). 

Nitrate is widely available in plant systems and the use of vegetables as a source of nitrate is 

being exploited because of the vast amounts of nitrates that has been found in certain 

vegetables (Cammack et al. 1999, EFSA 2008). Some vegetables such as celery, spinach, 

radish and lettuce have been found to contain more than 2500 mg/kg nitrate (Santamaria 

2006). Celery juice and celery juice powder is frequently being tested as a pool for nitrate 

because of its high compatibility with processed meat products since it does not impart any 

taste and vegetable flavor to the meat (Sebranek and Bacus 2007). Vegetable powders and 

juices are also preferred because the nitrate is more concentrated in this form and so they can 

be added in low amounts and not impart any unwanted flavors to the meat. 

In order to convert the added nitrate into nitrite, a nitrate reducing enzyme is needed. This can 

be found in specific microorganisms, possessing nitrate reductase activity and these 

microorganisms need to be acceptable to be used in food products, meaning microorganisms 

with “Generally recognized as safe” (GRAS) status. Starter cultures of certain bacteria, yeasts 

and fungi have since been used to make fermented dried sausages for various reasons. Some 

of them do not contain nitrate reductase activity. The well-known starter cultures that contain 

this activity are certain lactic acid bacteria which include Lactobacillus farciminis, 

Lactobacillus plantarum and Lactobacillus sakei, although the potential of these 

microorganisms has not been utilized yet in meat commercial starter cultures (Hammes 

2012). The most effective microorganisms which are being used for their nitrate reductase 

activity are Micrococci and Staphylococci (Gøtterup et al. 2008). 

The most common Staphylococcus strains used for this purpose are S. xylosus, S. carnosus 

subsp. carnosus, S. carnosus subsp. utilis, S. vitulinus and S. equorum and also Kocuria 

varians is commonly used (Hammes 2012, Sebranek and Bacus 2007). Aside from their 

nitrate reductase activity these microorganisms also impart sensorial qualities that are desired 

in the meat products such as aroma derived from their lypolytic and free fatty acids degrading 

activities (Hammes 2012). Most of the Staphylococcus and Micrococcus strains also possess 
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catalase activity implying that they can breakdown hydrogen peroxide which could otherwise 

accumulate and cause greyish discolorations and initiate oxidative reactions which later cause 

rancid flavors (Hammes 2012). 

The proliferation of products containing natural nitrate means that a lot has to be studied 

about the conditions necessary to produce safe cured meat products. The safety, regulatory, 

manufacture, marketing and quality of these products need to be clarified (Sebranek and 

Bacus 2007). According to Krause et al (2011), the nitrite in the products made in this way is 

quite difficult to measure. It is thus important to formulate the production process in such a 

way that the ingoing amount of the nitrate is known and the conversion efficiencies of the 

bacteria are known. Studies on the optimization and standardization of the production process 

needs to be done and the conditions that allow optimum growth of the starter cultures is 

essential for the reduction of the nitrate to nitrite. The objectives of this study are therefore to: 

• Investigate the growth of the bacteria S.carnosus and its potential to reduce nitrate to 

nitrite using synthetic sodium salt 

• Determine if this ability also exists when a vegetable nitrate source is used (from 

spinach and celery) and to determine the conversion efficiencies in function of the 

growth pattern and 

• Apply the fermented vegetable nitrate source in a meat model system. 
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2  LITERATURE REVIEW 

2.1  Background of meat curing 

Meat curing has been done since time memorial as a necessity to preserve meat and it can be 

dated from as early as 3,000 B.C (Romans et al. 2001). It was observed that salt was a good 

preservative for meat and as popularity for preservation using salt increased, it was noticed 

that certain salts not only offered a preservative role but also produced an attractive reddish  

pink color and a characteristic flavor to the meat (Eple et al. 1992, Skibsted 2011). Overtime 

it was ascertained that salt contaminated with salpeter (potassium nitrate) was the one that 

was causing this characteristic color and flavor and nitrate was the ingredient fueling this 

reaction. Still later, it was determined that nitrate is converted to nitrite and this nitrite is 

actually the active compound which was causing all the changes to the meat (Cammack et al. 

1999, Eple et al. 1992, Pegg and Shahidi 2000). 

After this realization, there was a boom in the meat industry as they were developments in 

meat curing systems such as the use of: cure accelerators (reductants which accelerate curing 

reactions and also acidulants which lower the pH thereby providing the necessary 

environment for curing), new equipment such as multiple needle injectors, tumblers and 

massagers, water binding ingredients (phosphates) (Sebranek 2009) and the use of herbs to 

improve the flavor of meat. Today, the curing of meat has become so sophisticated that the 

raw materials used range from natural ingredients to synthetic ingredients and the final 

products are diversified. 

Various methods of curing meat can be identified. Dry curing can be applied and this is when 

dry curing ingredients are applied on the surface of the meat and are left to be absorbed into 

the flesh of the meat by absorption over a specific time which can range from hours to weeks. 

Sometimes the curing ingredients are dissolved in water and the meat is immersed in the 

solution, i.e. in the curing brine (Sebranek 2009). This type of curing is called immersion 

curing and the meat is left in the solution for a length of time that is sufficient for the curing 

ingredients to equilibrate in the meat. There is also injection curing whereby injectors are 

used to inject the curing brine into the meat and the needles used in this process can be 

operated manually or by machine (Sebranek 2009).  
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2.2  Curing Ingredients 

The basic curing ingredients are water, salt, curing agents (nitrate or nitrite), cure accelerators 

which can be acidulants and/or reductants and also phosphates.  

2.2.1  Water 

Water is an essential component because it is the dissolving medium of the curing ingredients 

but it is also without a doubt that it offers important functional properties to the cured meat. 

The ability of water to dissolve substances is critical because most of the curing ingredients 

are added in very small amounts and a good dispersing medium is thus beneficial. Water 

dissolves proteins and this is an important step in ensuring meat emulsion stability for cooked 

textural properties (Tarté and Amundson 2006). Two properties of cured meat products 

should be considered when talking about water. These are brine strength and water activity 

(Aw): 

   % brine strength = % salt / (% salt + % water) 

It is important to formulate the product in such a way that the brine strength is sufficient to 

hinder the growth of bacteria and ensures stability of the product as well as allowing for salt-

protein interaction (Sebranek 2009). The other property of water is the Aw, which is defined 

as the vapor pressure of water in a product at equilibrium and at a constant temperature 

relative to pure water at the same temperature. This property gives information about the 

amount of water that is available for chemical and biological reactions and thus makes it 

possible to predict the kind of microorganisms that can grow in a particular food product with 

a certain Aw. This property is quite crucial in the control of the proliferation of spoilage and 

pathogenic bacteria and is an important contributor to the hurdle concept of food preservation 

(Leistner 1994). 

2.2.2  Salt 

Salt is the fundamental ingredient to meat curing. The dissociated ions of salt (Na+ and Cl-) in 

water play important functional roles in meat curing. Salt plays a role in swelling and 

fragmentation of muscle myofibrils thereby contributing to solubilization of the myofibrillar 

proteins (Hamm 1986). Ionic strength of 0.5 mol/dm3 can be achieved by a salt concentration 

of at least 2% and the interaction of the Cl- ion increases the negative charge on the proteins. 

Consequently this results in an increase of the water binding capacity of the meat, which has 

an impact on the juiciness, the tenderness and the mouth feel upon consumption (Sebranek 
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2009). The textural and sensorial properties of the cured meat are thus somewhat dependent 

on how the water is retained in the meat matrix and the ability of the meat proteins to form a 

stable gel that stabilizes the emulsion (Sebranek 2009). 

As mentioned earlier, water activity plays a role in the preservative effect of the curing 

reaction and salt plays a pivotal part in influencing the water activity. Salt reduces the water 

activity of the meat thus prolongs the shelf life of the product by ensuring microbial stability. 

It therefore means that during product formulation, reducing the amount of salt added may 

have serious consequences pertaining to the microbial stability of the product. Salt also plays 

a role as a flavor potentiator in cured meat systems. According to Ruusunen (2005), salt not 

only imparts salty taste to the meat but also increases the perceived intensity of other flavors. 

It could mean that the presence of sodium in the meat mixture is essential for the 

development of the flavor that is associated with cured meats that most consumers of cured 

meats love.  

2.2.3  Curing agents 

Nitrate and nitrite are well known as curing agents for meat. Although sodium chloride is 

very important in meat curing and as an ingredient that cannot be eliminated from the 

formulation, it cannot offer the same characteristics of color and flavor that are offered by 

nitrate/nitrite salts. Sodium and or potassium salts of nitrate or nitrite are effective in curing 

meat because of their contribution to the typical color and flavor of the final product. If 

nitrate is added, then a starter culture that can convert it to nitrite is required. This is typical 

of fermented and cooked type cured meat products. Sometimes nitrate is used so that it 

provides a pool for the release of  nitrite over long time of curing (Sebranek 2009). 

2.2.4  Nitrate  

Salts that were contaminated with saltpeter were recognized to be giving meat a characteristic 

color and flavor. So it was originally thought that nitrate was the ingredient causing this 

amazing phenomenon.  Later it was discovered that it was not the nitrate but its reduced form, 

the nitrite ion and that nitrate is relatively inert. To participate in curing reactions nitrate has 

to be converted to nitrite.   

When nitrate is added as a curing ingredient in meat systems, it has to be converted to nitrite 

by microorganisms that have nitrate reductase activity. This means that this process has to be 

controlled if there is to be a set amount of nitrite produced. The most common starter cultures 
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that are used are salt tolerant cocci such as Kocuria and coagulase-negative Staphylococcus 

strains (Sebranek 2009). These bacteria can grow well in meat curing systems because some 

competitive microorganisms cannot grow in the high salt environment. Although nitrite is the 

reactive ingredient in meat curing, it is highly unstable and disappears very fast from the meat 

matrix.  In some products, there is a need for a slow curing process. It is obvious that in these 

matrices nitrite cannot offer this, so nitrate can be used so that it provides and sustains a 

reservoir for nitrite over a long curing process (Sebranek 2009, Sebranek and Bacus 2007). 

2.2.5  Nitrite 

Nitrite is the magic ingredient in meat curing and a lot of research has been done in order to 

find the reactions taking place in the meat with added nitrite. However, the chemistry of 

nitrite is highly complicated and a lot of the mechanisms have not been ascertained. This 

could be due to the nitrite ion itself as it is highly reactive, as well as the nitrite metabolites 

which are also known to be of high reactivity and difficult to analyze.  Nitrite can behave as 

an oxidizing agent, reducing agent and also as a nitrosylating agent. Some of the metabolites 

formed from these reactions include nitrous acid, nitric oxide and amazingly nitrate can also 

be formed from this vast array of reactions (Sebranek and Bacus 2007). 

2.2.5.1  Nitrite and red color development 

Perhaps the most studied mechanism is of the red color development in nitrite cured meat. 

The nitrite ion undergoes complex interconversions. Actually it has been found that nitrite is 

not the nitrosylating agent itself. Nitric oxide has been found to be the nitrosylating agent. 

Thus the reaction sequence that the nitrite undergoes involves its conversion to nitric oxide as 

the most important step in color development. Several reaction schemes have been proposed 

that lead to the formation of the red cured color, nitric oxide myoglobin (NO- myoglobin 

(Fe2+)). Myoglobin is an iron and oxygen binding protein in meat muscle and contains a 

cofactor haem which is a porphyrin ring with iron at the center as shown in Figure 2.1. The 

iron can exist in the Fe2+ or Fe3+ state or it can be bound to different ligands which may be 

amino acids in the neighborhood of the protein, typical of the native myoglobin (Honikel 

2008).  

In meat curing systems, the nitrite ion can react with H+ to form nitrous acid (HNO2). The 

nitrous acid formed exists in equilibrium with its anhydrous form N2O3 which also exists in 

equilibrium with nitric oxide and nitrogen dioxide (Sebranek 2009). An acid medium is 
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required to provide protons to react with the nitrite ion. This is not a problem usually in meat 

matrices as the pH is between 5.5 and 6.0 (Pegg and Shahidi 2000). It also means that 

reducing the pH accelerates the reaction. The nitric oxide formed is the one that reacts with 

myoglobin and forms the red nitric oxide myoglobin (Sebranek 2009). Figure 2.2 shows this 

reaction mechanism.  

 

Fig 2-1: The haem of myoglobin molecule (Honikel 2008) 

KNO3( nitrate)         reduction by microorganisms          KNO2 (nitrite) 

KNO2 + H+                HNO2 + K+ 

2HNO2                      N2O3 + H2O 

N2O3                          NO + NO2 

NO + myoglobin          NO- myoglobin 

Fig 2-2: Reaction mechanism for color formation in cured meat systems (Honikel 2008) 

Other reactions can also occur which bring about the formation of nitric oxide. The nitrogen 

dioxide which also exists in equilibrium with N2O3 can react with water forming nitrous acid 

and nitric acid (Sebranek 2009), and of course the nitrous acid produced goes back into the 

reaction pathway as discussed in Fig 2.2. Nitric acid can dissociate into H+ and nitrate in 

aqueous medium and the nitrate produced can be reduced to nitrite if there are 

microorganisms with nitrate reductase activity. This thus implies that even when nitrite is 

added as the only curing agent, it is possible to find traces of nitrate in the meat matrix. 

2NO2 + H2O            HNO2 + HNO3     (1) 

HNO3             H
+  + NO3

-      (2) 
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Earlier on, it was mentioned that nitrous acid is in equilibrium with N2O3 and that the latter is 

also in equilibrium with nitric oxide and nitrogen dioxide. Since this reaction is the one that 

forms the nitrosylating agent, nitric oxide, it means that this is an important step. Finding 

ways to favor this reaction is thus crucial in meat curing. The use of external reductants such 

as ascorbic acid and erythorbate and also endogenous reductants like NADH accelerates the 

occurrence of this reaction because these compounds can become oxidized and yield nitric 

oxide (Skibsted 2011). N2O3 can be reduced to nitric oxide through an oxidation-reduction 

mechanism (Moller and Skibsted 2002) and hydrogen ascorbate has been found to work very 

well in the conditions existing in the meat matrix (Skibsted 2011). 

N2O3 + 2H+-ASC                2NO + 2dehydro- ASC + H2O  (3) 

The reactivity of the nitrous acid is favored by a decrease in pH and it has been found that a 

slight decrease of  0.2- 0.3 pH units can double the rate at which nitric oxide is produced (Fox 

et al. 1967). This therefore means that to optimize curing of meat, not only pH is an important 

parameter but also the presence of reductants.  

Although the reactions of nitrite and nitrous acid can be controlled by pH and reductants, 

other reactions can also take place to yield nitric oxide. Curing systems always contain 

sodium chloride because despite the calls to reduce salt intake, no substitute with the salty 

taste of sodium has been found. The chloride ion can react with nitrous acid to form nitrosyl 

chloride. This compound is more reactive as a nitrosylating agent than N2O3 and it 

accelerates the rate of formation of the NO - myoglobin (Moller and Skibsted 2002, Skibsted 

2011). 

HNO2 + H+  + Cl-             NOCl  + H2O    (4) 

Nitrite is a strong oxidant so it can also oxidize the haem pigment (myoglobin). It is reduced 

to nitric oxide while the oxidation of myoglobin produces metmyoglobin, which is brown in 

color (Sebranek and Bacus 2007). The oxidized heme of metmyoglobin is subsequently 

reduced by reductants in the meat matrix, leading to the formation of red nitric oxide 

myoglobin (Sebranek and Bacus 2007), or it can be reduced upon cooking to 

nitrosylhemochrome which is pink in color (Sebranek 2009). So it means that under aerobic 

conditions, the color development in meat occurs in two stages, first, the brown 

metmyoglobin is formed followed by the red nitric oxide myoglobin. 
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NO2
-  +  Myo –Fe2+                Myo –Fe 3+ + NO + OH-   (5) 

Upon cooking the proteins are denatured and so the protein part of myoglobin is denatured 

and it is separated from the non-protein haem part of nitrosylhemochrome which is pink in 

color (Sebranek 2009). This is why cured meats change from red to pink upon cooking.  

Pegg (2000), concluded that nitrite also reacts with the sulfhydryl groups of proteins in meat 

in a reaction in which nitrite is reduced to nitric oxide and the proteins are oxidized leading to 

the formation of disulfides. According to Skibsted (2011), this reaction could be very 

important because it yields reactive cysteine side chains and their radicals. These compounds 

are now known to be involved in the crosslinking of muscle protein myosin. The crosslinking 

of meat proteins is essential because it leads to good textural properties and this is a 

characteristic of strong disulfide bridges. 

2HNO2 + 2R –SH                2R- S – S – R + 2NO + 2H2O  (6)  

Fig 2.3 summarizes the reaction in which nitric oxide participates. It is quite obvious that the 

reactions of nitrous acid and nitric oxide are diverse and a lot of metabolic products are 

produced due to the transnitrosylating reactions taking place. The reactions that occur during 

the cured color development are also considered as the hallmark for the other functions of 

nitrite such as anti-bacterial properties, anti-oxidant properties and formation of a typical 

flavor. 

 

Fig 2-3: The numerous reactions in which NO participates in (Skibsted 2011) 
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2.2.5.2  Anti-bacterial properties of nitrite 

The other main reason that nitrite is added to meat is because of its anti-bacterial properties 

especially against anaerobic bacteria, most importantly Clostridium botulinum. Nitrite has 

also been found to control against Listeria monocytogenes (Sebranek and Bacus 2007). C. 

botulinum and L. monocytogenes are well known pathogens which are detrimental to health 

and should be carefully controlled if they are bound to grow in any food matrix. Usually 

pasteurization of products is aimed at having a 6 log reduction of L. monocytogenes  as the 

most resistant vegetative pathogen while sterilization is aimed at having a 12 log reduction of 

C. botulinum as the most resistant spore forming pathogen (Gaze 2005, Gaze et al. 1989, 

Gaze and Brown 1988). Proteolytic C. botulinum  are causative agents of contamination in 

canned foods at neutral and slightly acidic pH and they cause botulism. The early signs of 

botulism are characterized by anxiety, drowsiness and vomiting and this may continue to 

cause pain and reduced bowel activity (Cammack et al. 1999). These symptoms are caused by 

the toxins produced by the bacteria which affect the nervous system by preventing the 

secretion of neurotransmitter vesicles (Ahnert-Hilger G 1995) and the worst thing that can 

happen is respiratory paralysis which leads to death (Cammack et al. 1999). 

L. monocytogenes causes listeriosis and the pathogen is well known to grow in milk products, 

fish and meat products. What makes L. monocytogenes so difficult and challenging to destroy 

is its ability to grow under extreme conditions, for example it grows in wide temperature 

range between – 4 oC and 50 oC and a pH between 4.7 and 9.2. It can also survive for long 

periods of time (Cammack et al. 1999). The conditions in which it grows are typical of 

conditions found in meat products and this means that to reduce the growth of this bacteria it 

is important to control temperature, pH and if there is a preservative that can be used it will 

be beneficial especially in moments of temperature abuse.  

Some bacteria contain some enzymes which can transform nitrite into other metabolites in the 

nitrogen cycle (Berks et al. 1995) and are not affected by the presence of nitrite. For example 

E. coli and other members of the Enterobacteriaceae family produces a nitrite reductase 

enzyme which can convert nitrite into ammonia (Page et al. 1990). This is not the case with 

C. botulinum and L. monocytogenes because these bacteria have very low levels of enzymes 

involved in nitrite metabolism and they are intoxicated by nitric oxide (Cammack et al. 

1999). This forms the basis of why nitrite is effective in preventing botulism and listeriosis 

from meat products (See Table 2.1). 
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If nitric oxide is the one that is toxic to these pathogens, it means that the reaction sequence 

of the cured color development is critical for the production of this compound. Some 

researchers say that it is not only nitric oxide which offers bacteriostatic properties but a wide 

array of nitrogen containing metabolites could also be having some bacteriostatic effects. 

Cammack et al. (1999) identified several metabolites that could be responsible for the 

antibacterial effects of nitrite. These metabolites include nitrous acid, peroxynitrite, Fe-S-NO 

complexes, nitrosothiols and N-nitrosocompounds and these compounds have been identified 

in cured meat. 

According to certain researches done by Cammack et al. (1999), they found that nitrous acid 

and N- nitrosocompounds can diazotize and deaminate amino groups probably from 

nucleotides, leading to destruction of the microorganisms. It was also found that the toxic 

effects of nitric oxide may be accelerated by the presence of oxygen and also by the presence 

of oxidizing groups like peroxides and superoxides. Peroxynitrite can be formed by the 

reaction of nitric oxide with superoxide or by the reaction between the nitrosyl ion and 

oxygen. Cammack (1999) concluded that the damaging effects that nitric oxide might have 

on bacterial cell walls could be reduced in the presence of oxygen and that when oxygen is 

present, it is the peroxynitrite formed that is effective against pathogenic bacteria. The 

compounds that were proposed by Cammack  et al. (1999) are shown in Table 2.1 as well as 

the minimum concentrations that are required to offer sufficient bacteriostatic effect on C. 

botulinum and L. monocytogenes. 

Various molecular mechanisms have been proposed but nothing has been ascertained due to 

the complexity of nitrite chemistry. In some research that was done by Banwart (1989), he 

identified several sites where the bacteriostatic action of nitrites could be originating from 

and these include: enzymes and other proteins, the genetic system, cell membranes and the 

binding of essential nutrients. This therefore means that several compounds and several 

reaction mechanisms could be involved in explaining the anti-bacterial action of nitrite.  

2.2.5.3  Nitrite and antioxidant activity 

Nitrite has also been found to possess very good antioxidant properties but still no specific 

mechanism has been found to be responsible for this phenomenon. However despite the lack 

of mechanisms to explain completely how nitrite act as antioxidant, most researchers in the 

field of meat science like Sebranek (2009) are convinced that nitrite, nitric oxide or some of 
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the nitrogen containing metabolites are very potent antioxidants. According to Morrissey 

(1985), nitrite concentration of 50 mg/kg can reduce fat oxidation by 50-64 % in beef, pork 

and chicken meat and if this concentration is increased the effect of a reduction in rancidity 

may even be increased. 

Some mechanisms for antioxidant activity of nitrite have been proposed by Pegg (2000) and 

these include formation of nitrosyl compounds  and the reaction of nitrite with haem proteins 

forming compounds that have antioxidant activity. However, we have already seen that nitrite 

reacts with haem proteins forming nitric oxide myoglobin and metmyoglobin, and also that 

nitrosyl compounds are formed in the reactions leading to the red color development. This 

may therefore mean that the antioxidant properties of nitrite are dependent upon the 

occurrence of the reactions leading to red color development.  

Table 2-1: Minimum inhibitory concentrations for nitrite and r elated species for growth 
of C. sporogenes and L. monocytogenes (Cui et al, 1992) 

Complex Ki a (µmol dm-3)   

  
L. 

monocytogenes 

C. 
sporogene

s 
Nitrite  5000 
Nitric oxideb 40 
NH4[Fe4S3(NO)7] (RBS)  3 1.3 
[Fe2(SCH2CH2OH)2(NO)4] (Roussin's red salt ester)  45c 5.0 
Fe4S4(NO)4  

 
10 

Na2[Fe(CN)5NO] (SNP)  non-toxic 28 
[Mo(acac)2(NO)2]  600 non-toxic 
[Ru(acac)2(NO)Cl]  500 non-toxic 
[Ru(bipy)2(NO)Cl](PF6)2  300 400 
[Ru(phen)2(NO)Cl](PF6)2  200 700 
Trioxodinitrate (Na2N2O3)   200 
The concentrations are those required for 50% inhibition of growth in liquid culture under anaerobic conditions.  
  aKi is the Kinetic inhibitor and is defined as the concentration required to produce half inhibition. 

bAdded as NO in solution. 
cUnpublished observations. 

 

C. sporogenes is a non-toxic analogue of C. botulinum 
   
   

It is now quite clear that addition of nitrite in meat prevents rancidity. Rancidity are off 

flavors that are caused by the oxidation of fats leading to the production of free fatty acids, 

peroxides and short chain aldehydes. If nitrite, nitric oxide or one of their reaction 

compounds is truly involved in this antioxidant activity, then it must be able to interact in 
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some way with the meat lipids or with a part of the reaction mechanism of fat oxidation. 

Some mechanisms have been proposed where nitrite was thought of as the one interfering 

with the free radical intermediates in lipid oxidation but now it is widely accepted that it is 

nitric oxide which is responsible (Kanner 1980). Lipid oxidation is characterized by a radical 

chain mechanism. Nitric oxide has been found to be a lipophilic radical that reacts with 

peroxyl radicals forming non-radical compounds and this breaks the radical chain process 

thus bringing the oxidation of lipids to a halt (Carlsen et al. 2005). Some of the radicals from 

the radical chain reaction of lipid oxidation include alkyl, alkoxyl, peroxyl and hydroxyl 

radicals.  

2.2.5.4 Nitrite and typical cured flavor 

The last function of nitrites in cured meat is the formation of the typical flavor. The flavor 

could be as a result of the masking of lipid oxidation because less short chain carbonyl 

compounds are produced. Table 2.2 shows the results of an experiment that was done by 

Shahidi & Pegg (1992) in which they compared the amounts of carbonyl compounds 

produced in meat that was not cured, one that was cured and one in which nitrite was not 

added directly but in which the precooked preformed pigment was added including some 

antioxidants (Sodium Tripolyphosphate - STPP, and Tert-Butylhydroquinone - TBHQ).  

Table 2-2: Effect of curing with nitrite on the concentration of carbonyl compounds of 
meat (Shahidi and Pegg 1992) 

Carbonyl compound Relative Concentration   
   

  Uncured Nitrite-cured 
Nitrite-free 

cured 
   Hexanal  100 7.0 6.5 

Pentanal  31 0.5 0.5 
Heptanal  3.8 <0.5 0.5 
Octanal  3.6 <0.5 0.5 

   2-Octenal 2.6 2.6 
    Nonanal  8.8 0.5 0.7 

2-Nonenal  1.0 
2-Decanal  1.1 <0.1 
2-Undecenal  1.4 0.5 0.5 

   2,4-Decadienal 1.1     
   asample contained 550 mg/kg sodium ascorbate 

bsample contained the preformed cooked cured-meat pigment, 12 mg/kg; STPP, 3000 mg/kg; Na ascorbate,  
550 mg/kg and TBHQ, 30 mg/kg 
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The results showed that more carbonyl compounds are formed in uncured meat or in meat in 

which no nitrogen containing metabolite is formed. The low amount of carbonyl compounds 

may contribute to the typical flavor of cured meat.  

Flavor of cured meat is not well understood because the typical compounds that cause the 

cured meat flavor are not known. Some volatile compounds have been identified from cured 

meat and some of these compounds contain nitrogen and oxygen and it is possible that these 

compounds could have been derived from the added nitrite (Pegg and Shahidi 2000). 

However, no mechanism has been proposed to confirm the existence of these compounds. 

2.2.5.5 Nitrosamine formation 

Despite the many functions of nitrite there has been concern about its safety and this has 

prompted some research to find alternatives for nitrite. Unfortunately, no compound has been 

found to be able to replace nitrite and produce meat that has the typical color and flavor of 

cured meat (Sindelar et al. 2007). Nitrites can react with amines leading to the formation of 

nitrosamines in the meat matrix and also in the gastro-intestinal tract. Some of the 

nitrosamines have been found to be potent and carcinogenic (Eple et al. 1992, Cassens 1997).  

 For nitrosamines to be formed, certain conditions have to be fulfilled. There must be the 

presence of amines in the meat matrix and secondary amines are the ones which form stable 

nitrosamines (Honikel 2008). Primary amines are not stable and are degraded to alcohols and 

nitrogen (Honikel 2008) while tertiary amines cannot react because no reactive group will 

still be exposed for reaction. Figure 2.4 shows the reactions that give rise to the formation of 

nitrosamines. The reaction mechanism for the formation of nitrosamines is accelerated in a 

medium with low pH and in the presence of metal ions  (Honikel 2008). 

The formation of nitrosamines is high at elevated temperatures especially those that are 

experienced in restaurants when frying pizza toppings using temperatures of around 130 oC 

(Honikel 2008). It is clear that to avoid formation of nitrosamines, higher temperatures 

should be avoided. It has been found that ingestion of nitrates can also cause the formation of 

nitrites in the oral cavity and in the gastrointestinal tract (Honikel 2008). This means that 

control of nitrates should probably be more focused on the amounts of nitrates in vegetables 

and drinking water since these have been found to contain substantial amounts of nitrate. 

Research has already shown that less than 5% of ingested nitrate and nitrite is coming from 

meat products while the remaining is coming from vegetables (Archer 2002, Cassens 1997). 
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The issues about nitrate and nitrite are becoming more complicated because current 

research is showing that ingestion of nitrate and nitrite is probably beneficial to health. It 

is said that the physiological products of nitrate in the food matrix are also formed 

endogenously in the body (Lundberg et al. 2011, Jansson et al. 2008) and that these 

participate in essential reactions. Some research has also provided evidence that dietary 

nitrate has health supporting benefits (Lundberg et al. 2011, Lundberg et al. 2004, Webb 

et al. 2008, Parthasarathy and Bryan 2012). More research still needs to be done to 

ascertain these observations.  

                                      NaNO2   +  H+                         HNO2 + Na+ 
 

                                       HNO2    +  H+                         NO+ + H2O 
                                                2HNO2                          N2O2 + H2O 
                                                   N2O3                           NO + NO2 
                                           NO  +  M+                NO+ + M 
primary amine     RNH2  +  NO+                  RNH-N = O + H+         ROH + N2 
secondary amine       R2NH  +  NO+            R2N-N = O + H+ 
tertiary amine             R3N + NO+                 no nitrosamine formation 
 

Fig 2-4 : Reactions leading to the formation of nitrosamines (M/M+ are transition metal ions like Fe2+/Fe3+ 
and others) (Honikel 2008) 

2.2.6 Cure Accelerators 

Since the reactions that occur during red color development are critical to other properties of 

nitrite such as antioxidant stability, antibacterial action and typical flavor, it means that the 

reaction mechanism must be controlled in order to make sure that the expected results occur. 

The formation of nitric oxide from nitrous acid and nitrite seems to be important and so most 

cure accelerators are meant at increasing the rate at which nitric oxide is produced since this 

has been found to be a very important compound in explaining nitrite chemistry. The need to 

produce large volumes of product and to have a continuous fast process means also that cure 

accelerators are needed to increase profitability of the company (Sebranek 2009). The most 

common cure accelerators used are reductants such as ascorbic acid, erythorbic acid and most 

commonly their salts, sodium ascorbate and sodium erythorbate are used in meat curing.  

Acidulants are also used coupled with reductants and examples of acidulants used in meat 

curing include fumaric acid and glucono-delta-lactone. The reductants accelerate the 

formation of nitric oxide from nitrite and the acidulants reduce the pH by 0.2-0.3 units if they 

are added in the recommended amounts of maximum 0.5% (Sebranek 2009). However the 

use of acidulants should be done with care because they can also reduce the water binding of 
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the meat mixture (Sebranek 2009) and this will have impact on the sensorial and textural 

qualities of the final product. 

Phosphates are also added to cured meat products not as cure accelerators but they offer 

beneficial technological functions. They increase the water binding of the meat proteins 

(Sebranek 2009). 

2.3 Starter cultures used in meat curing 

When salpeter was recognized as the salt responsible for the red color of meat during 

preservation, it was also observed that certain microorganisms probably inherent to the meat 

matrix were able to convert nitrate into nitrite which is the active compound in meat curing. 

Spontaneous and natural fermentation occurs but as the years went by, there was a need to 

produce products that are hygienic and of the same characteristics. This prompted the use of 

starter cultures in order to produce meat products of constant textural and sensorial 

characteristics and to produce products of high quality (Hammes and Knauf 1994). Starter 

cultures are used in fermented meats and most fermented meats are in the form of a sausage 

which could be dry, semidry or wet depending on the final moisture content. The sausages 

are made by mixing meat with curing agents, spices and flavorings and putting in casings, 

then allowing a lactic acid fermentation that induces changes to the textural and sensorial 

properties of the sausages. The changes that take place could be resulting from the effect of 

curing agents and their interaction with the metabolites produced by the starter culture. 

2.3.1  Microbial components of starter cultures 

Various microorganisms are used in the fermentation of meat depending on the final product 

that is desired. Table 2.3 shows some of the species of microorganisms that are employed in 

meat fermentation and it shows that bacterial as well as fungal and mould starter cultures can 

be used in the fermentation of meat. 

The most common yeasts used are Debaryomyces hansenii and they are known for stabilizing 

the red color of meat and for imparting a yeast flavor to the meat (Hammes and Knauf 1994). 

They are also able to grow under high salt concentrations which is typical of cured meats and 

they grow on the outside of the sausage (Hammes and Knauf 1994). Also these yeasts have a 

high lypolytic activity which could explain their ability to impart flavor to the meat. 

Starter cultures containing moulds are also employed in the fermentation of meat and their 

activity is also on the surface of the meat. They impart a characteristic surface appearance 
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and flavor to the meat and this is because of their high lypolytic and proteolytic activity 

(Hammes and Knauf 1994). Main species involved are Penicillium nalgiovense and 

Penicillium chrysogenum and these moulds also are known to break down amino acids 

producing ammonia, thereby increasing the pH of the meat mixture. 

Table 2-3: Species employed in starter cultures (Hammes and Knauf 1994) 

Bacteria 
  Lactic acid bacteria (LAB): 
       Lactobacillus acidophilus,a L. alimentarius, L. casei,a L. curvatus, 
    L. farciminis,c L. plantarum, L. paracasei, L. sakei, Lactococcus 
lactis, 
    Pediococcus acidilactici, P. pentosaceus, (Tetragenococcus 
halophilus) 
  Staphylococci: 
      Staphylococcus xylosus, S. carnosus subsp. carnosus, 
    S. carnosus subsp. utilis, S. vitulinus, and (S. equorum) 
  Actinomycetales: 
      Kocuria variansb 
      Streptomyces griseus 
      Bifidobacterium sp.a 
Fungi 
        Penicillium camemberti, P. chrysogenum, P. nalgiovense 
Yeasts 
         Debaryomyces hansenii, Candida famata 
a Used in probiotic cultures. 
b Formerly Micrococcus varians. 
c Species printed in bold exhibit usable nitrate and/or nitrite reductase activity. 
 
 

Bacterial starter cultures are the most commonly used because of their significant roles in 

fermentation of meat. Perhaps the most common are LAB which decreases the pH resulting 

in an acid taste and also providing a favorable environment for the reduction of nitrite to 

nitric oxide which is important in red color development of the meat. Because of the 

reduction in pH, this already causes the preservation of the meat because competitive bacteria 

cannot grow in low pH environment and LAB usually dominates the meat mixture at the end 

of the fermentation process (Hammes and Knauf 1994). Besides lowering of pH, lactic acid 

bacteria are also responsible for texture and flavor development of the meat. Most common 

LAB isolated from fermented meats includes L. sake, L. plantarum, L. curvatus and P. 

acidilactici. The LAB follows homo- and heterofermentative pathways releasing metabolites 

that contribute to the flavor of the meat. However, some of the metabolites that come from 
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the heterofermentative pathway such as hydrogen peroxide are not desired. Hydrogen 

peroxide causes grayish discolorations and may cause off-flavors because of its strong 

oxidizing activity. To prevent this discoloration there is need for microorganisms that possess 

catalase activity which prevents accumulation of this metabolite (Hammes and Knauf 1994). 

Non LAB starter cultures are also used and the most common are Micrococcaceae mainly 

Staphylococcus and Kocuria. These microorganisms have a distinctive characteristic of being 

able to reduce nitrate to nitrite. These microorganisms were utilized for this purpose but later 

it was found that aside from nitrate reductase activity they also possess some catalase, 

lypolytic and proteolytic activity that contributes to the flavor and the safety of the fermented 

meat. The catalase activity is particularly important for the prevention of accumulation of 

hydrogen peroxide for reasons mentioned earlier (Hammes and Knauf 1994). 

Many species of bacteria can catalyze some of the reactions of denitrification and this is 

important in fermentation processes of cured meat if nitrate is added as the curing agent 

(Cammack et al. 1999). Some of the relevant enzymes needed in this process are found in 

Table 2.4. Some bacterial species used in fermentation of meat possess these enzymes and 

are used to convert nitrate to nitrite, then nitrite is reduced to nitric oxide considered to be a 

very important active ingredient needed in red color development in cured meat. Most 

bacteria do not have all the enzymes of denitrification, so different bacteria are involved in 

the nitrogen cycle (Fig 2.5).  

Table 2-4: Some of the relevant enzymes used in denitrification (Cammack et al. 1999) 

Assimilatory and dissimilatory nitrate reductases: NO3
-  +  2e-     NO2

- 
Dissimilatory nitrite reductases: NO2

-  +  e-    NO 
Nitric oxide reductases: 2NO  + 2e-    N2O 
Nitrous oxide reductases: N2O  +  2e-    N2 
Assimilatory (and some dissimilatory) nitrite 
reductases: NO2

-  +  6e-    NH4
+ 

 

According to Gøtterup (2008), the most efficient bacteria with nitrate reductase activity are 

Staphylococci and Micrococci. The reduction of nitrite to nitrate by these microorganisms is 

most effectively done under anaerobic conditions (Hammes 2012), although this activity is 

still present even under aerobic condition (Neubauer and Götz 1996). According to Neubauer 

and Götz (1996), the synthesis of nitrite/nitrate reductases occurs most efficiently under 

anaerobic conditions and it is activated by the presence of nitrate or nitrite in the growth 
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medium. S. carnosus has been found to be the most important bacteria with nitrate reductase 

activity and a lot of genetic engineering has been done in order to improve its characteristics 

(Hammes and Knauf 1994). What still needs to be investigated is whether S. carnosus 

produces the enzyme that can reduce nitrite to nitric oxide. However it is known that S. 

carnosus reduces nitrate to nitrite and that the nitrite produced is converted to ammonia only 

after nitrate is used up or when low concentrations of nitrate are remaining (Hammes 2012). 

 

Fig 2-5: The nitrogen cycle. Staphylococci reduce nitrate to nitrite , then perform dissimilative 
ammonification to give ammonia (Hammes 2012) 

 

If S. carnosus cannot reduce nitrite to nitric oxide, then it means that chemical reactions are 

responsible for this process. This is why starter cultures consisting of LAB and S. carnosus 

are utilized so that S. carnosus reduces nitrate to nitrite and then the LAB ferments sugars 

producing acids, which acidify the environment thus allowing for the reduction of nitrite to 

nitric oxide. Some LAB (e.g. L. plantarum, P. pentosaceus, L. sakei and L. farciminis) have 

been found to possess haem-independent nitrite reductase activity resulting in production of 

nitric oxide (Hammes 2012). The production of nitric oxide by these microorganisms could 

be very interesting in terms of the kinetics of red color development.  

The final taste, flavor, color and texture of fermented meat is thus a product of: fermentation 

of carbohydrates to give mainly lactic acid, breakdown of myofibrillar proteins to give free 
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amino acids, breakdown of triacylglycerols to yield free fatty acids further degenerating into 

volatile flavor compounds, reduction of nitrate to nitrite and further into nitric oxide which 

reacts with myoglobin to give the red nitrosomyoglobin.  

2.4   Ingredients used for natural meat products 

Most consumers these days are now aware of food safety issues and also more concerned 

about their health such that more people are willing to pay premiums for products that are 

safe and healthy. Safety is usually regarded in terms of products that do not contain a lot of 

additives, also known as ‘clean label products’ and particularly avoiding additives that are 

known to cause adverse health effects such as nitrites. Because of this new trend in the 

consumer behavior, there has been a rapid proliferation of new products in the meat industry 

that cater for the needs of the consumers and target at replacing the synthetic nitrate/nitrite 

salts used in meat curing. 

The bad perception of nitrite led to some studies in trying to find nitrite replacers. According 

to Froehlic and Gullett (1983), in a research that they did to find hedonic characteristics of no 

nitrate/nitrite added cured meat products, consumers did not like meat products that were 

cured without any added nitrate/ nitrite. This proved that nitrite is an essential ingredient to 

have the characteristic color and flavor of cured meat. In light of this observation, more focus 

is now on trying to find other source of nitrate/nitrite to replace the synthetic sodium or 

potassium salts that are used in conventional curing of meat products.  

Ingredients that are being tried as nitrate replacers include sea salt, raw sugar also known as 

turbinado sugar and most importantly vegetable juice powders and vegetable juices 

(Sebranek and Bacus 2007). Sea salt is derived from sea water which is evaporated and then 

no refining is done to remove the impurities. The salt therefore is slightly contaminated with 

nitrate and from the history of meat curing, it is widely known that salpeter in sea salt was 

responsible for the characteristic color of the cured meat. However the amount of nitrate in 

the sea salt is not sufficient to produce satisfactory and consistent results and also cannot 

guarantee microbial safety of the products. The amounts of nitrate and nitrite in sea salt were 

found to range between 0.3 – 1.7 mg/kg and 0 - 0.45 mg/kg respectively (Cantoni et al. 

1978). 

Turbinado sugar is derived from sugar cane and is obtained from the evaporation of sugar 

cane juice. The obtained sugar cane juice is centrifuged in order to get rid of surface 
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molasses. Then the molasses that are retained in the sugar give it a brown color hence the 

name raw sugar. However according to Sebranek and Bacus (2007), no evidence exists that 

concludes that raw sugar contains significant amounts of nitrate/nitrite that can actually be 

employed in meat curing although the possibility of the sugar containing nitrate/nitrite cannot 

be denied.  

The most commonly used ingredients are vegetable sources. While the salts of 

nitrates/nitrites are synthetic, it is possible that they can be obtained from other sources such 

as vegetables and water (Santamaria 2006). According to Gangolli and others (1994), about 

80-87% of nitrate intake comes from vegetables and this signifies that vegetables are a very 

important source of nitrate that has potential to be used as a source of  nitrate for meat curing. 

Some vegetables such as celery, spinach, radish and lettuce have been found to contain more 

than 2500 mg/kg nitrate (Santamaria 2006). 

Most of the vegetables are being used as vegetable powders and juices as this provides a 

concentrated form of the nitrate and also allows for the use of small quantities to avoid 

impartation of a vegetable flavor to the cured meat. Celery juice and celery juice powder is 

being used and it is said to be highly compatible with meat products (Sebranek and Bacus 

2007). However several vegetables have the potential to be used and still a lot of research 

should be done to investigate this potential. The use of nitrate as curing ingredient obviously 

means that a starter culture that has nitrate reductase activity is an important part of the 

ingredient mix for these new kinds of products.  

Curing ingredients include also reductants and acidulants that accelerate the conversion of 

nitrite to nitrous acid and nitric oxide. In the natural and organic products, these additives 

cannot be used meaning that natural reductants and acidulants are needed for the whole 

formulation. Natural ingredients that are high in ascorbic acid content can be used as curing 

adjuncts and examples include vinegar, lemon juice solids and cherry powder (Sebranek and 

Bacus 2007, Terns et al. 2011). Some of the curing adjuncts used may also provide a 

reservoir for antioxidants which may help in stabilizing color and flavor (Pegg and Shahidi 

2000).  

Some natural spices and flavorings are also used to improve the flavor of the cured meat. 

Herbs such as rosemary can be used and this can act as an antioxidant for flavor protection 

and inhibition of lipid oxidation (Sebranek and Bacus 2007). According to Morrissey and 
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Techivangana (1985), nitrite concentrations of as little as 50 mg/kg can produce significant 

effect of antioxidant properties meaning that not much nitrite needs to be added in order to 

have significant impact.  

The possibility of the formation of nitrosamines from meat products is caused by the residual 

nitrite at the moment of consumption. The use of ingredients that reduce the residual nitrite 

may be beneficial but there is a need to establish the residual nitrite amount that guarantees 

the microbial safety of the product. The use of citrus co-products is another development as a 

technological tool to reduce the residual nitrite level in cured meats (Viuda-Martos et al. 

2009). 

Certain challenges exists for the production of these products and the main one is the 

standardization of the process to provide more consistency and better control of the process 

and also to ensure that adequate amounts of nitrite are added to the product (Krause et al. 

2011). Addition of natural nitrate and starter cultures may mean that the ingoing nitrite may 

not be known because the nitrite ion is highly reactive and difficult to measure (Krause et al. 

2011). To ensure that there is a known amount of nitrite added, development of brine 

incubation processes that produce known and consistent amounts of nitrite before curing the 

meat may be able to solve this challenge.  

The proliferation of these new products means that a lot of research needs to be done to 

ascertain the safety of these products. The questions that need to be asked are: what exactly is 

the proper name for these products and how should they be labeled in a way that does not 

mislead the consumers? What is the ingoing amount of nitrite needed to assure microbial 

safety and quality of the products and lastly, what levels of residual nitrite are small enough 

to reduce the formation of nitrosamines and at the same time guarantee the safety of the 

products throughout the shelf-life period? 

2.5   Regulation on the use of nitrate/nitrite in cured meat products 

The toxicity of nitrite means that its use in foods must be regulated in order to protect the 

consumers. The lethal oral doses for humans are 80 – 800 mg/kg bodyweight and 33 - 250 

mg/kg body weight for nitrite and nitrate respectively (Schuddeboom 1993). This also shows 

that nitrite is approximately ten times more toxic than nitrate (Honikel 2008). There has been 

enormous reviews on the regulation of nitrite and nitrate in meat products and according to 
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Sebranek and Bacus (2007), the controlled use of nitrites in cured meat products represents 

no toxicity risks for human beings.  

The European Union has a regulation for the use of nitrate and nitrite for many different meat 

products. Generally, 150 mg nitrite/kg is allowed to be added in heated meat products with 

some exceptions while a maximum amount of 300 mg nitrite and nitrate is allowed to be 

added in unheated meat products. However exceptions do exist as shown in Table 2.5 

(Honikel 2008). There is also a regulation on the residual amount of nitrite that is allowed in 

meat products although in some products residual amounts of nitrite have not been set yet. 

The ingoing nitrate/nitrite is calculated as sodium nitrite/kg thus if potassium salts are used 

the calculation should consider a conversion factor. The regulation also takes into account 

that if nitrate is used it has to be converted to nitrite and also that nitrite does not remain 

unchanged during processing of the product (Honikel 2008). 

The regulation in all countries is almost the same with slight differences. The Code of Federal 

regulations (USA 2005) state that: 

“The food additive sodium nitrite may be safely used in or on specified foods in accordance 

with the following prescribed conditions: As a preservative and color fixative, with sodium 

nitrite, in meat curing preparations for the home curing of meat and meat products (including 

poultry and wild game), with directions for use which limit the amount of sodium nitrite to 

not more than 200 parts per million in the finished meat product, and the amount of sodium 

nitrate to not more than 500 parts per million in the finished product” 

The regulation in the EU seems to be a bit more restrictive than the one in the USA but both 

regulations take into account the fact that nitrite can be toxic and that it is highly reactive. 

Concerning the use of nitrate and nitrite in natural products and clean label products, the EU 

does not have regulation but does have a clearly defined regulation on organic products. 

In the USA there is also clearly defined legislation on organic products and also they have 

legislation on natural products although according to Sebranek and Bacus (2007), the use of 

the permitted ingredients in the natural foods regulation has become confusing and needs to 

be reviewed. The confusion about these products is because there is not yet a clear definition 

of natural preservative vs. chemical preservative. However, labeling requirements both in the 

USA and in the EU require that labeling should not mislead consumers and should accurately 
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reflect the process and products. This means that whether natural or synthetic preservative is 

used, the labeling should clearly depict the kind of ingredients used in the food product. 

Table 2-5: Extract from EU Directive (2006) regarding nitrite and nitrate for meat 
products 

E NO.  Name Foodstuff 
Maximum amount that may 
be added  during   

Maximum 
residual level 

      
manufacture (expressed as 
NaNO2, mg/kg) 

(expressed as 
NaNO2, mg/kg) 

E249a 
potassium 
nitrite 

  
Meat products 150 

E250a 
sodium 
nitrite 

Sterilized meat products 
(Fo>3)b 100 
Traditional immersion cured 
meat  50- 175 
products(number of products) 
Traditional dry cured meat 
products 50- 175 
(number of products) 
Other traditionally cured meat  180 50 
products(number of products) 

E251c 
potassium 
nitrate Non-heated meat products 150 

E252c 
sodium 
nitrate 

Traditional immersion cured 
meat  300 10- 250 
products(number of products) 

  

Traditional dry cured meat 
products 300 

>50 (some 
without nitrite  

number of products added) 

    Other traditionally cured meat  
250- 300(without nitrite 
added) 10- 250 

a When labeled 'for food use' nitrite may be sold only in a mixture with salt or a salt 
substitute 
b Fo-value is equivalent to 3 min heating at 121oC 

  c Nitrites may be present in some heat treated meat products resulting from natural conversion of nitrites to 
nitrates in low acid environment  
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3 MATERIALS AND METHODS 

3.1 Investigation of the growth and nitrate reductase activity of S. 

carnosus 

3.1.1 Materials 

Tryptone Soy broth (TSB), Yeast Extract (YE) and bacteriological agar were bought from 

Oxoid Ltd (Basingstoke, Hampshire, England), sodium chloride (NaCl), sodium nitrate 

(NaNO3), sulfanic acid solution, α-napthtalyamine, ethanol, dettol and glucose were bought 

from Sigma-Aldrich (USA) and spinach and celery were bought on the local market. The 

mother culture Staphylococcus carnosus (LMG 26366; isolated from fermented sausage) was 

stored in TSYEB (30 g/L TSB and 3 g/L YE) and it was remade every two weeks. Several 

materials needed to be prepared as follows: 

• The optimal medium was prepared by autoclaving a solution of 30 g/L TSB, 3 g/L YE 

in deionized water and this solution was called TSYEB. 

• The inoculum was prepared by inoculating 100 µL of S. carnosus from the mother 

culture into 10 ml of sterile TSYEB medium, and was further incubated at 37 °C for 

24 hours. The mother culture contained 108 CFU/ml and was remade after every two 

weeks by taking 100 µL of the mother culture into 10 ml of the TSYEB and 

incubating this overnight in a 37 oC incubator. 

•  Agar plates were prepared by adding 30 g/L TSB, 3 g/L YE and 12.5 g/L agar 

bacteriological media giving TSYEA. After autoclaving this solution, it was  poured 

onto petri dishes and stored in the fridge.  

• Physiological water was prepared by dissolving 9 g/L NaCl in deionized water and 

pouring 9 ml of the solution into test tubes and these tubes were autoclaved. 

• Drying of the vegetables to constant weight was done at 102 oC in a drying oven. The 

calculations for addition of high amount and low amount of vegetables were done in 

relation to the water contents of the vegetables. 

• Brine solution was prepared by dissolving 80 g/L glucose in deionized water. 

3.1.2 Apparatus 

• pH meter (Lab 850, Schott Instruments, Mains, Germany and Consort 830) 

• Analytical balance, vortex and autoclave from Sanyo 

• Drying oven at 102 oC 
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• Micropipettes (100 µL and 1000 µL), petridishes, cuvettes, general glassware i.e. 

Erlenmeyer flasks, test tubes, glass rod, spatulas, volumetric flasks and beakers 

• Incubator 37 oC , fridge at 4 oC and freezer at -18 oC 

• Spectrophotometer (Genesys 20: Thermo Spectronic) 

3.1.3 Design of the study 

3.1.3.1  Investigation of the growth curve of S. carnosus  

• The growth curve of S.carnosus was determined using optimal medium (TSYEB).  

3.1.3.2  Ability of S.carnosus to reduce nitrate to nitrite using brines with 

synthetic sodium nitrate 

Fig 3.1 shows the experimental design and this experiment was carried out in test tubes, done 

in duplicate. The aim of this experiment was to study the effect of composition of growth 

medium and the concentration of NaNO3 added to the growth and nitrate reduction ability of 

S. carnosus. Curing conditions were simulated in which brine solution (80 g/L glucose 

solution) was used as growth media, simulating the curing brines in the meat industry. To the 

brine, YE (0.3 g/L) was either or not added as a nitrogen source. As the control TSYEB 

medium was used. To the three different media, four different concentrations of NaNO3 were 

added (0, 100, 200 and 1000 mg/l). All combinations were tested both under anaerobic as 

well as under aerobic conditions, as the activity of the nitrate reductase seemed to be 

dependent on the oxygen concentration present. For aerobic conditions, no oxygen was 

introduced but these conditions were considered as aerobic because of the oxygen dissolved 

in the medium and the oxygen in the upper phase of the test tubes. Anaerobic conditions were 

achieved by incubating the tubes in closed jars in which a paper gas (carbon dioxide) 

generating sachet of AnaeroGen was placed.  

3.1.3.3 Nitrate reductase activity of S.carnosus using vegetables as substrate 

Fig 3.2 shows the experimental design that was used to check whether S. carnosus is able to 

reduce nitrate present in vegetables into nitrite. This experiment was done in Erlenmeyer 

flasks in duplicate. A positive control was used, containing brine solution with YE (0.3 g/L) 

and 100 mg/L NaNO3. The other flasks contained a growth medium composed of brine 

solution with YE (0.3 g/l) supplemented with vegetables. As vegetables, spinach and celery 

were chosen. These were added in fresh or dried form (50 g/L and 500 g/L for low and high 
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amount of fresh vegetables respectively: 5.5 g/L and 55 g/L for low and high amount of dried 

spinach respectively ;7 g/L and 70 g/L for low and high amount of dried celery respectively). 

 

Fig 3-1: Experimental design for investigation of whether S. carnosus can reduce nitrate to nitrite using 
conventional NaNO3    

Dried vegetables were obtained by drying fresh vegetables to constant weight in an oven at 

102 °C. The dried vegetables where then pounded to a powder using pestle and mortar. In 

this experiment, three research points were investigated: 

• Is S. carnosus able to reduce nitrate coming from different vegetables 

(spinach and celery)? 

• Is the nitrate reduction dependent on the amount of vegetables added? 

• Is the form of the added vegetable important               

     

Fig 3-2: Experimental design for investigation of whether S. carnosus can reduce nitrate to nitrite using 
vegetables 

  

1. TSYEB

2. Brine solution

3. Brine solution +YE

0 mg/L NaNO3

100 mg/L NaNO3

200 mg/L NaNO3

1000 mg/L NaNO3

Vegetables

(Spinach and celery)

Low amount

Dried Fresh

High amount

Fresh Dried
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3.1.3.4  Can vegetables be used as nitrogen source by S.carnosus  

In this experiment, it was investigated if the YE as nitrogen source can be replaced by the 

vegetables. In this way, the vegetables will act both as a nitrogen source, as well as nitrate 

source. Fig 3.3 shows the experimental design. This experiment was performed in duplicate 

in Erlenmeyer flasks. As positive control, brine solution with YE (0.3 g/l) and 100 mg/L 

NaNO3 was used. Two other flasks were incubated with spinach as vegetable, both in fresh 

(500 g/L) and dried (55 g/L) form.   

 
Fig 3-3: Experimental design for investigation of whether S. carnosus can reduce nitrate to nitrite using 

vegetables as source of nitrate and nitrogen for growth. 

3.1.3.5 Kinetic studies for S. carnosus 

The objective of this experiment was to investigate the conversion efficiencies of nitrate into 

nitrite by the bacteria. This experiment was done using low amount of fresh vegetable (50 g/L 

spinach), without YE. Growth of the bacteria was measured as CFU/ml and pH was followed 

during 26h incubations. Every 2 hours samples were taken for pH, growth (CFU/ml) and 

nitrate/nitrite analysis. 

3.1.4 Methods 

The growth curve of S. carnosus was determined by bringing 1ml of the inoculum into 100 

ml of TSYEB, so at the start of the experiment 106 CFU/ml were present. The Erlenmeyer 

flasks were incubated at 37 oC for 28 hours under static conditions and also under aerobic 

conditions (no oxygen added). At regular time points, 1 ml sample was taken to measure pH, 

optical density and to prepare dilution series for plating out on TSYEA. 

For the screening of nitrate reduction of S. carnosus using conventional NaNO3 in test tubes 

(15 ml solution), the tubes were first prepared by adding the different amounts of NaNO3 in 

Spinach 

Dried

YE No YE

Fresh

YE No YE
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the different growth media, Fig 3.1. The tubes were then autoclaved and then after cooling 

150 µL of the inoculum was brought into the tubes, to have 106 CFU/ml at the start of the 

experiment. The tubes were incubated under static conditions for 24 hours at 37 oC and 

incubation was done both under aerobic and anaerobic conditions. Samples were taken at 

time 0 and 24 hours to measure the pH, OD600 and to check if nitrate reductase activity was 

present by performing a colorimetric test. Quantification of the conversion of nitrate to nitrite 

was measured by HPLC. 

For the nitrate reductase activity of S. carnosus on nitrate originating from vegetables (Fig 

3.2 and Fig 3.3) the different vegetables (500 g/L and 50 g/L for fresh spinach and celery; 70 

g/L and 7 g/L for dried celery; 55 g/L and 5.5 g/L for dried spinach) were added in 100 ml 

brine solution and then this was autoclaved. After cooling, 1 ml of the inoculum was brought 

into 100 ml of the different mediums, so 106 CFU/ml were present at the start of the 

experiment. Incubation was also done under static, aerobic conditions, at 37 oC for 72 hours. 

Samples were taken at time 0, 24, and 72 hours to measure pH and CFU/ml. Both the 

colorimetric test, as well as HPLC analysis was performed in order to check and quantify the 

nitrate reduction. 

For the kinetic study, low amount of fresh spinach was used (50 g/L) and the same control of 

100 mg/L NaNO3 was used. The same protocol was followed as for the other experiments 

with plant material. Samples were taken after every 2 hours for a period of 26 hours and pH, 

CFU/ml and nitrate/nitrite were measured.  

3.2 Colorimetric nitrate reduction test 

Reagent A was prepared by dissolving 0.5g of sulfanic acid in 150 ml 5N acetic acid. This 

solution was stored in the dark at room temperature. Reagent B was prepared by dissolving 

0.5g of α-napthtalyamine solution in 50 ml distilled water and 100 ml 5N acetic acid. The 

solution was also stored in the dark, at 2 - 4 oC.  

The analysis was done by taking 100 µL of the sample, to which 250 µL of reagent A and 

250 µl of reagent B was added, as well as 2 ml of distilled water. This mixture was vortexed 

after each addition, and incubated for 15 minutes at room temperature. After incubation, 

absorbance of the solution was read at 540 nm. To be sure that the reaction took place a 

negative control of 100 µL NaNO3 and a positive control of 100 µL NaNO2 was also 

prepared. If nitrite was present, the solution turned from a clear liquid into a pink-red liquid. 
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3.3 Quantification of nitrate and nitrite using HPLC 

3.3.1 Principle 

After extraction at high pH and after deproteinization of the obtained sample, nitrite and 

nitrate are separated by ion-pair reversed phase HPLC. The ion-pair formation happens 

between both the NO2
- and the NO3

- ion and tetrabutylammoniumhydroxide (TBOH). The 

latter has a high affinity with the stationary phase, resulting in a separation between the NO2
- 

and the NO3
- ion, but also between these two ions and the other components in the sample. 

3.3.2 Reagents 

•  0.01 M NaOH was prepared by dissolving 0.4 g NaOH in 1 liter distilled water. 

• Solvent 1 was prepared by dissolving 3 ml of 3 mM TBOH in 1L milli-Q water at pH 

3.9 – 4.0 (adjusted by addition of 6M HCl). The solution was filtered through a filter 

of 0.45 µm and then it was de-aerated by keeping it in an ultrasonic bath for 30 

minutes. 

• Solvent 2 was obtained by mixing 300 ml of solvent 1 with 700 ml acetonitrile. The 

solvent was de-aerated again by keeping it in an ultrasonic bath for 30 minutes. 

• NaNO2 and NaNO3 was provided for preparation of the standard solutions. 

3.3.3 Apparatus 

• Ultra turrax (type 18/10, Janke and Kunkel, KG, Germany) 

• (Shaking) water bath at 80 °C 

• HPLC instrument: Agilent 1200 series, provided by a degasser, auto sampler, 

quaternary pump, column oven and DAD detector (Fig 3.4) 

• The column: ZORBAX Eclipse XDB-C18 4.6 x 150 mm, 5 µm; Agilent nr. 993967-

902 

• Ultrasonic bath 

3.3.4 Methods 

Standard solutions 

• Stock solution was made by dissolving 100 mg NaNO2 and 100 mg NaNO3 in 100 ml 

NaOH 0.01 M in a 100 ml volumetric flask. 

• Working solution was prepared by diluting the stock solution 10 times in deionized 

water. 
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• A standard series was prepared by varying between 0 and 35 µg NaNO2/ml and 

NaNO3/ml. One ml of this solution was diluted with 0.30 ml of acetonitrile before 

injection. 

 

Liquid samples: For the liquid samples, i.e. supernatants of the fermentation experiments, 

500 µL was diluted by adding 1 ml of 0.01M NaOH and 0.3 ml of acetonitrile. This mixture 

was centrifuged for 10 minutes at 4000 rpm and the supernatant was transferred to a HPLC 

vial. If needed, samples were beforehand diluted with distilled water. 

 

Solid samples (meat and vegetable samples): The sample (± 1g) was weighed in a 15 ml 

centrifuge tube with screw cap (known up to 1mg accuracy). To this, 10 ml NaOH 0.01 M at 

80 oC was added and then this mixture was homogenized by shaking thoroughly. The 

centrifuge tube was put on a shaking water bath at 80 oC for two hours after which cooling 

was done to room temperature under cold running water. Acetonitrile (3 ml) was then added. 

After vortexing, it was centrifuged at 4000 rpm for 10 min. After centrifugation, 1ml of the 

upper clear phase of the mixture was filtered over a cellulose syringe filter (0.20 µm) and 

then transferred to a HPLC vial. 

 Chromatographic determination: Of each standard solution or sample, 20 µl (40 µl for 

extracts from meat) was injected on the HPLC column. The sample tray of the auto sampler 

was kept at 15 °C. The separation was carried out at a flow rate of 0.80 ml/min (0.50 ml/min 

for extracts of meat) and 30 °C, according to the following gradient: 

Time (mins) % Solvent 2 

Extracts of fermented  
supernatants 

Extracts of meat  

0 0 0 

34 30 0 

40 35 100 

60 52 100 

65 57 0 

68 60 0 
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The first part (0% solvent 1 between 0 and 34 min) was for the separation of the NO2
- and 

NO3
-; the rest of the method was to clean the column (100% 2) and to return to 100% solvent 

1 before injecting the next sample. Detection was done by UV absorption measurement at 

225 nm. After separation, the peak areas of the NO2
- (RT ± 21minutes) and NO3

- peak (RT ± 

32minutes) were read. Some of the chromatograms showing the peaks of nitrite/nitrate are 

shown on Fig 3.5. 

Calculation: Two calibration lines (one for nitrite; one for nitrate) were made by relating the 

peak areas to the known concentration in mg/L using the results from the standard solutions 

(Annex I shows some of the calibration curves). The concentration of nitrite expressed as 

NaNO2 (mg/kg) and nitrate as NaNO3 (mg/kg) in the samples were calculated based on the 

obtained calibration curves, taking into account the dilution and the amount of sample taken.  

 

Fig 3-4: HPLC instrument - Agilent 1200 series 

3.4 Determination of ammonium 

3.4.1 Principle 

S. carnosus is known to reduce nitrite to ammonia. To check if this activity is present, 

ammonia was measured using a rapid photometric test. The method is based on the fact that 

ammonium ions react at pH 12.6 with hypochlorite ions and salicylate ions in the presence of 

sodium nitroprusside as a catalyst to form indophenol blue. This method is mainly used for 

routine analysis of water samples and also for samples which are not so complicated because 

it is subject to certain interfering ions which include primary ions and reducing agents.  
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3.4.2 Materials 

LCK-304 cuvettes 

3.4.3 Apparatus 

Hach Lange GmbH DR 2800 Spectrophotometer (Fig 3.7) 

3.4.4 Method 

Cuvettes of LCK-304 were provided and these already contain the reagents needed for the 

assay (hypochlorite ions, salicylate and sodium nitroprusside). To the solution in the cuvettes, 

5ml of the sample was added. The mixture was incubated at room temperature for 15 

minutes. Ammonium was then measured at 690 nm by placing the cuvette in a Hach Lange 

GmbH DR 2800 Spectrophotometer. By inserting the cuvette in the machine, everything else 

is automatic. A laser identifies the cuvette from its barcode. As the cuvette rotates, it is 

measured 10 times. Any readings that are distorted by soiling on the cuvette are automatically 

eliminated and the measurement result is shown immediately in mg/l. This test was done only 

for a limited amount of samples, i.e. on the supernatants at time 0h, after 16 hours of 

fermentation and also at the end of the fermentation (30 hours).  

 

Fig 3-5: DR 2800 Spectrophotometer 

3.5 Freeze drying of  supernatants from microbial fermentation of fresh 

spinach 

3.5.1 Materials  

(All material needed for kinetic studies see section 3.1.4.5) 

3.5.2 Apparatus  

(All apparatus needed for kinetic studies (see section 3.1.4.5) plus Freeze dryer (Edwards, 

Super Modulyo Pirani 501 and freeze drying bottles. 
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Fig 3-6: Chromatograms showing the peaks and retention times of nitrate/nitrite at the beginning of 
fermentation using S. carnosus and fresh spinach (50g/L) as vegetable source when there is no nitrite 
(top) and after 20 hours of incubation when there is more nitrite than nitrate (bottom). 

3.5.3 Method 

Brines were prepared according to the protocol mentioned before in which low amount of 

spinach (50 g/L) was used and no YE (See section 3.1.4.5). After 20 hours of incubation at 37 
oC, the fermentation was stopped and the supernatants were transferred into freeze drying 

bottles and immediately frozen. To check if the bacteria grew well, two flasks were used to 

check the pH and CFU/ml at time 0 and at the end of the fermentation. The frozen 

supernatants were lyophilized for 72 hours in a freeze dryer at a temperature between -40 and 
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-60 °C. The product was collected, analyzed for nitrite and then used for the meat 

experiment. 

3.6 Processing of cured pork 

3.6.1 Materials 

• Minced pork meat (500 g for each treatment), trimmed and free of fat 

• Synthetic nitrite salt containing 0.06% nitrite and 99.4% NaCl 

• Kitchen salt (NaCl) 

• Freeze dried supernatant  

• Sodium ascorbate (0.5 g/L) 

• Oxygen permeable polyethylene film 

3.6.2 Apparatus 

• General utensils e.g. chopping boards, knives etc. 

• Freezer at -18 °C and illuminated chilled cabinet at 3 °C, 1100 lux 

• Vacuum machine 

• pH meter (Knick Portamess 911 pH) 

3.6.3 Experimental design 

 

Table 3-1:Three treatments considered in the processing of the minced pork meat 

Treatment Nitrite (mg/L) NaCl (g/L) Sodium ascorbate (g/L) Water % 
1 - 13.25 0.5 5 
2 80 13.25 0.5 5 
3 80 13.25 0.5 5 
1negative control containing  kitchen salt 

2positive control containing synthetic nitrite salt with 0.06% nitrite and 99.4 % NaCl 

3Freeze dried supernatant added in an amount of 64g to reach 80 mg/L nitrite 

 

3.6.4 Method 

Pork meat was minced and frozen overnight. After thawing, the dry ingredients were 

dissolved in water and sprinkled over the minced pork meat and then mixed until all the 

ingredients were homogenously mixed. The pork meat was then shaped into burgers of 50 g. 
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For each treatment, ten burgers were made. Three burgers from each treatment were vacuum 

packed and immediately frozen at -18 °C. The remaining replicates were displayed for 48 

hours in an illuminated cabinet at 3 °C and color measurements were taken constantly in the 

first 5 hours and then after 24 and 48 hours. The pH of the samples was measured after 

processing and after 48 hours. 

After 24 hours, three burgers from each treatment were vacuum packed then cooked in a 

water bath at 70 °C, for 40 minutes (a core temperature of 70 oC was reached). These were 

cooled in vacuum bags initially in agitated cold water for 60 minutes followed by cooling 

them in a chilling room until a core temperature of 3 oC was reached. The upper layer of each 

burger was removed to obtain a fresh-cut surface and color was measured immediately after 

exposure. The cooked burgers were placed in an illuminated cabinet for 5 days. After this, the 

samples were vacuum packed and then stored in the fridge at -18 °C. The samples were later 

analyzed for total sugars, TBARS and residual nitrite.  

3.7 Color measurements 

3.7.1 Apparatus 

Colorimeter (Miniscan by HunterLab, XE Plus) 

3.7.2 Method 

Color measurements were taken on the surface of the meat samples using a colorimeter. The 

colorimeter was standardized using a black and white tile and the Commission de L’Eclairage 

(CIE) was used where L* is lightness, a* is redness and b* is yellowness. For the fresh cured 

meat samples, color was measured after every hour for 5 hours and then after 24 and 48 

hours. For the cooked cured meat samples, color was measured on day 0, day 2 and day 5. 

For the fresh cured meat for the first 5 hours of measurement, the number of measurement 

was n=7 for each treatment except for the treatment with freeze dried supernatant were n=8. 

After 24 and 48 hours, n=3 for each treatment except for the treatment with freeze dried 

powder where n=4. For the cooked meat samples, n=3 for all treatments. 

3.8 Determination of  the TBARS number: Extraction method 

3.8.1 Principle 

When lipids are oxidized, primary and secondary oxidation products are formed. One of the 

most common secondary oxidation product is malondialdehyde which reacts with 2-
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thiobarbituric acid (TBA) in acid environment with the formation of a coloured complex that 

can be determined spectrophotometrically at 532 nm. In this reaction, 2 molecules of TBA 

react with 1 molecule malondialdehyde. 

3.8.2 Apparatus 

• Ultra turrax 

• Spectrophotometer provided with a 1 cm cell 

• Boiling water bath 

3.8.3 Reagents 

• TBA reagent: 865 mg of 2-thiobarbituric acid was weighed in a measuring flask of 100 

ml. Acetic acid (75 ml) was added and the mixture was left to dissolve in a boiling water 

bath. It was cooled to room temperature after which 2 ml of concentrated  HCl (37%) was 

added and filled  up to 100 ml with acetic acid.  

• BHT solution: 1.5 g 2,6-di-tertiair-butyl-4-methylphenol was dissolved in 100 ml 

absolute ethanol and stored in a dark bottle at room temperature. 

• Standard stock solution: Precisely 14.4 µl 1,1,3,3-tetramethoxypropane was dissolved in 

100 ml distilled water.  

• Standard working solutions: The stock solution was diluted 20 times to provide the 

standard working solution 

• HClO4 0.6 M: 51.5 ml concentrated HClO4 was diluted to 1 litre using demineralised 

water. This was stored in the fridge. 

3.8.4 Methods 

 
Extraction of the malonaldehyde from the samples: Minced meat sample (5.0 g) was 

weighed in a plastic pot of 100 ml. To this, 1 ml BHT solution and 30 ml cold HCLO4 was 

added to the meat sample. The mixture was homogenised using an ultra turrax at 13000 rpm 

for about 30 seconds. It was filtered  through a folded filter paper (S&S 595½). 

Standard Solutions: Starting from the standard working solution, standard solutions were 

prepared in duplicate by adding 5, 100, 200, 300, 400, 500 µl respectively in test tubes and 

making up the volume to 5 ml using HClO4. 

Colour reaction: After the extraction, 5 ml of the meat extracts, standard solutions and blank 

were each transferred into heat resistant glass test tubes and this was done in duplicate 
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followed by 1.0 ml TBA reagent was added and the mixture was vortexed and put in a boiling 

water bath for 35 minutes after which it was cooled to room temperature in tap water and 

absorbance measured at 532 nm. 

Calculation: A calibration line was made by relating the absorbance to the known 

concentration in nmol/5ml using the results from the standard solutions (Annex 1). The TBA 

number expressed as µg malondialdehyde/g fresh meat in the samples was calculated based 

on the obtained calibration curve, taking into account the dilution and the amount of sample 

taken and the molecular weight of malondialdehyde. 

3.9 Determination of the TBA number: Distillation method 

3.9.1 Apparatus 

All apparatus needed in the extraction method plus steam distillation apparatus 

3.9.2 Reagents 

• TBA reagent, BHT solution, standard stock solution: prepared the same way as in the 

extraction method. 

• HCl 4 M 

• Standard working solution: The standard stock solution was diluted 100 times to get 

the distillation standard stock solution. 

• Anti-foam 

3.9.3 Methods 

Distillation of the malonaldehyde out of the meat: Minced meat (10 g) was weighed in a 

plastic bottle of 100 ml. Distilled water (40 ml) and 1ml BHT solution was added and the 

mixture was homogenized using an ultra turrax for about 30 seconds at 13000 rpm. The 

homogenized sample was transferred into a distillation tube and 30 ml of distilled water was 

used to rinse the ultra turrax and subsequently added to the distillation tube. About 4 to 5 

drops of anti-foam were added followed by 3 ml of HCl before the distillation was done. The 

mixture was distilled and 100 ml of the distillate was collected in a volumetric flask of 100 

ml. 

Distillation of standards: From the distillation standard stock solution, volumes of 1, 2, 3, 5, 

and 8 ml were added into distillation tubes and volume was filled up to about 80 ml with 

distilled water to make it the same with that of the samples. 100 ml of the distillate was also 

collected. 



MATERIALS AND METHODS 

40 

 

Color reaction: After the distillation, 5 ml of the distillates (samples, standard and blank) 

were collected into heat resistant glass tubes in duplicate and these were treated in the same 

way as in the extraction method.  

3.10 Residual nitrite 

 

For determination of residual nitrite, see Section 3.3. 

 

3.11 Determination of total soluble carbohydrates in meat samples 

3.11.1 Principle 

Polysaccharides are hydrolyzed by concentrated sulfuric acid to mono-saccharides, which 

undergo a dehydratation resulting in a transformation of pentoses to furfural, and hexoses to 

hydroxymethylfurfural. These reaction products then react with phenol to form a brown color 

which can be measured by a spectrophotometer. 

3.11.2 Apparatus 

• Ultra Turrax homogenizer with large dispersing element 

• Spectrophotometer  with flow cell of 1 cm. 

• Vortex-shaker for test tubes 

3.11.3 Reagents 

• Concentrated sulfuric acid  (18 M). 

• Phenol 5 % in water 

• Perchloric acid (PCA) 0.6 M (51.5 ml concentrated PCA diluted to 1 liter with distilled 

water) 

3.11.4 Methods 

Glucose standard solutions: Glucose (180 mg) was weighed in a volumetric flask of 100 

ml. It was dissolved in distilled water and filled up to the mark. From this stock, volumes of  

0.5, 1, 1.5, 2, 2.5 and 3 ml respectively were transferred to a 100 ml volumetric flask and 

filled to the mark. 
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Extraction:  Meat sample (5 g) was weighed in a plastic pot of 100 ml. 40 ml of PCA was 

added and the mixture was homogenized using an ultra turrax homogenizer at 13500 rpm for 1-2 

minutes. The dispersing element of the ultra turrax was rinsed with PCA and the contents of the 

pot were poured on a folded filter paper (150 mm diameter), which was put in a funnel placed on 

a volumetric flask of 100 ml. The pot was rinsed a few times with PCA and the volumetric flask 

was filled to 100 ml with PCA. 

Determination: The extract, standard and blank (1 ml) were each transferred into heat 

resistant test tubes. To this, 1.0 ml phenol was added followed by 5.0 ml of concentrated 

sulfuric acid and the mixture was vortexed for approximately 5 seconds. It was left for at 

least 15 minutes to cool down after which absorbance was measured at 488 nm. 

Calculation: A calibration line was made by relating the absorbance to the known 

concentration of glucose in µmol/ml using the results from the standard solutions (Annex I). 

The concentration of glucose expressed as mmol/100g in the samples was calculated based 

on the obtained calibration curve, taking into account the dilution and the amount of sample 

taken.  

3.12 Statistical Analysis 

 

Data were analyzed using S-Plus 8.0 statistical software. All analysis were done at 5 % level 

of significance. Before analysis was done, first the data were checked if they followed a 

normal distribution using the Kolmogorov test to determine if parametric or non-parametric 

tests should be done. The data were also checked if they had equal variances to be able to do 

analysis of variance. For the fermentation studies, two way Analysis of Variance (ANOVA) 

was used to assess significance of treatment and time effects and their interaction. The same 

analysis was used for the meat studies in assessing treatment and time effects. When 

treatment and time effects were significant (p < 0.05), post-hoc analysis was done using 

Tukey method. In case of significant interaction, data obtained for specific treatment and data 

obtained at a specific time were statistically analyzed by one way ANOVA. 
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4 RESULTS AND DISCUSSION 

Phase 1: Fermentation studies 

4.1 Growth of S. carnosus 

The growth of S. carnosus was investigated in rich media of TSYEB, and measured by the 

decrease in pH, increase in log CFU/ml (Fig 4-1) and increase in OD600. The pH decreased 

from 7.1 to 5.9 after 24 hours. An increase in log CFU/ml by 2.5 log units was observed and 

the maximal log CFU/ml was reached after 24 hours. This correlates well with the optical 

density which increased by maximum of 0.4 units after 24 hours. The pH decrease was just 

1.2 units after 24 hours meaning that this bacteria does not reduce the pH too much. This is 

why in fermented meats S. carnosus is mainly used for its nitrate reductase activity and lactic 

acid bacteria used for acidification purposes (Hammes and Knauf 1994). 

The bacteria were incubated at 37 oC under static conditions. According to Casaburi et al. 

(2005), the temperatures needed for the growth of S. carnosus are dependent on the strain but 

they can grow at temperatures as low as 15 oC. However these authors recommend to grow 

commercial cultures at temperatures between 38 - 42 oC. The incubation of the bacteria at 37 
oC was based upon that recommendation and the results show that the strain of the bacteria 

that was used in our studies grew well at that temperature. This temperature was also advised 

by the bacteria collection BCCM/LMG. 

4.2 Screening the capacity of S. carnosus to reduce nitrate to nitrite 

In this experiment, different concentrations of nitrate were used to investigate if S. carnosus 

was able to reduce nitrate to nitrite and if this reduction is performed during anaerobic or 

aerobic growth conditions. Also the growth medium of the bacteria differed i.e. optimal 

growth medium, brine solution, and brine solution + YE (Table 4-1, 4-2, 4-3 respectively). In 

Fig 4-2 and 4-3 the nitrate conversion into nitrite as measured by HPLC is given for aerobic 

and anaerobic incubation conditions respectively. The conversion efficiency was calculated 

by dividing the amount of nitrite produced after 24 hours with the amount of nitrate that was 

present in the supernatant at time 0. 

For the treatment with optimal medium and no nitrate added, the bacteria grew well under 

aerobic conditions as shown by the increase in optical density. However in anaerobic 

conditions, the increase in optical density was just by 0.02 units compared to 0.1 units in 

aerobic conditions. 
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Fig 4-1: Change in  log CFU/ml and pH  for S. carnosus during time of incubation (n=2) 

 

The increase in optical density in anaerobic conditions is very small showing that the bacteria 

does not grow well under anaerobic conditions. Also in the optimal medium, in the treatments 

with differing amounts of sodium nitrate, a higher increase in optical density was observed 

for aerobic incubation than for anerobic incubation because S. carnosus is a facultative 

anaerobic bacteria, and its growth is better under aerobic conditions than under anaerobic 

conditions (Talon et al. 1999). The increase in the optical density did not seem to be affected 

by the different amounts of sodium nitrate for both aerobic incubation and anaerobic 

incubation. The colorimetric nitrate reduction showed positive results for all the treatments 

with sodium nitrate and for both aerobic and anaerobic incubation.  
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The nitrate reduction was almost the same for both aerobic and anaerobic conditions but 

slightly greater in aerobic than in anerobic incubation i.e. 88% conversion in optimal medium 

incubated under aerobic conditions while it was 82% in the medium incubated under 

anaerobic conditions. The nitrate reduction decreased as the concentration of sodium nitrate 

increased.   

For the medium with brine solution only, the increase in optical density was very small for 

both aerobic and anerobic incubation, indicating that S. carnosus was not able to grow under 

these conditions. These small changes in optical densities indicates that the bacteria cannot 

grow without a nitrogen source and/or protein source because the brine solution was only 

providing a carbohydrate source. Neubauer and Götz (1996) found in their studies that the 

bacteria also cannot grow without a carbohydrate source implying that for optimal growth of 

S. carnosus there has to be a balance of carbohydrates and a protein source. Also the nitrate 

reduction was very small for both incubation conditions (less than 4% conversion) (Figure 4-

2 and 4-3). 

The results show that the bacteria cannot grow with a minimal amount of nutrients as shown 

by the slight growth observed in the treatment with brine solution. This indicates that S. 

carnosus was not able to use the added nitrate as nitrogen source or that other nutrients were 

missing, such as vitamins and amino acids that can be derived from yeast extract or from 

TSB. According to Pantel et al. (1998), S. carnosus is auxotrophic for a number of amino 

acids and that is why in our studies it could not grow without YE in the medium. 

When YE was added as nitrogen source to the brine solution, some growth  was observed as 

shown by the increase in optical density for both aerobic and anaerobic incubation (Table 4-

3). The increase was slightly lower compared to the increase observed using optimal medium. 

Under aerobic conditions, a slightly higher growth was noticed compared to anaerobic 

incubations.  

Using the colorimetric nitrate reduction test, nitrate reduction activity was observed in all 

treatments, except for the ones without sodium nitrate. The same trend was observed as in the 

optimal medium where the conversion of nitrate to nitrite was higher in treatments with 

aerobic incubation than in treatments with anaerobic incubation (77% for aerobic and 59% 

for anaerobic incubation). However, the reduction of nitrate to nitrite was far higher in the 
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optimal medium than in the medium with brine and yeast extract. The nitrate reduction also 

decreased with increasing nitrate concentrations added. 

Table 4-1: Mean values ± standard deviation for OD600 in optimal medium (n = 2) 

  Aerobic incubation Anaerobic incubation 

NaNO3 mg/L 0hrs 24hrs 0hrs 24hrs 

0 0.010±0.007 0.100±0.005 0.017±0.005 0.025±0.002 

100 0.023±0.010 0.150±0.062 0.013±0.005 0.0495±0.003 

200 0.013±0.0001 0.099±0.021 0.034±0.020 0.054±0.010 

1000 0.015±0.006 0.110±0.004 0.018±0.010 0.053±0.002 

 

Table 4-2: Mean values ± standard deviation for OD600 in brine solution and YE 
medium (n=2) 

  Aerobic incubation Anaerobic incubation 

NaNO3 mg/L 0hrs 24hrs 0hrs 24hrs 

0 0.027±0.002 0.056±0.006 0.012±0.001 0.020±0.001 

100 0.017±0.001 0.053±0.002 0.010±0.002 0.031±0.006 

200 0.019±0.005 0.065±0.020 0.009±0.002 0.027±0.004 

1000 0.022±0.006 0.069±0.010 0.010±0.004 0.046±0.002 

 

Table 4-3: Mean values ± standard deviation for OD600 in medium with brine solution 
(n=2) 

  Aerobic incubation Anaerobic incubation 

NaNO3 mg/L 0hrs 24hrs 0hrs 24hrs 

0 0.012±0.001 0.017±0.005 0.010±0.005 0.012±0.004 

100 0.021±0.001 0.066±0.007 0.085±0.002 0.018±0.010 

200 0.010±0.001 0.010±0.001 0.011±0.007 0.034±0.002 

1000 0.009±0.002 0.026±0.006 0.006±0.001 0.013±0.004 

 

The nitrate reductase activity was only of importance in the media containing more nutrients 

i.e. in the medium containing optimal medium and in the brine and YE medium. The low 

nitrate reduction in the medium with brine solution probably means that there must be a 

balance between the availability of nitrate and the nutrients that can support the growth of the 
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bacteria. According to Pantel et al. (1998), since S. carnosus is auxotrophic for a number of 

amino acids, it is impossible to test its ability to reduce nitrate to nitrite in an amino acid 

limiting environment.  

 

Fig 4-2: Conversion % of nitrate to nitrite in aerobic conditions (n=1) 

 

Fig 4-3: Conversion % of nitrate to nitrite in anaerobic conditions (n=1) 

 

To understand the reactions that could take place under aerobic and anaerobic conditions, 

insight of the different nitrate reductases operating in bacteria is needed. First, assimilative 

nitrate reductase can be active under both oxic and anoxic conditions. This results in the 

reduction of nitrate to nitrite and then subsequently to ammonia, which will be incorporated 

into amino acids (Neubauer and Götz 1996). According to Hammes (2012), assimilative 
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nitrate reduction is inhibited by the presence of amino acids and ammonia in the medium and 

thus it is not favored in meat fermentation. Also a dissimilative nitrate reduction is described. 

This occurs in anaerobic conditions and is inhibited by oxygen: it provides energy to the 

bacteria because during anaerobic conditions, nitrate is used as the final electron acceptor 

during respiration (Hammes 2012, Neubauer and Götz 1996).  

Strict aerobes cannot perform dissimilative nitrate reduction because they cannot function 

without oxygen and so they do not have the capacity to use nitrate as the terminal electron 

acceptor. Facultative anaerobes such as E. coli and Salmonella Typhimurium can perform 

dissimilative nitrate reduction, while Pseudomonas aeruginosa possess both kinds of nitrate 

reductases (Neubauer and Götz 1996). 

Staphylococcus sp. is a facultative anaerobic microorganism and its nitrate reductase has been 

described as a dissimilative nitrate reductase (Hartmann et al. 1995) and also has been 

likened to that of E. coli (Pantel et al. 1998). It has been observed that E. coli aside from the 

nitrate reductase that it possesses that is induced by anaerobiosis and nitrate, also has a nitrate 

reductase that is produced constitutively in small amounts (Pantel et al. 1998). Therefore this  

means that during aerobic conditions, the nitrate reductase would be at the basal level (Pantel 

et al. 1998). 

Hartman et al. (1995) concluded that the nitrate reductase is of the dissimilative type because 

it exhibited characteristics that were consistent with dissimilative nitrate reductases in other 

bacteria such as: inhibition by oxygen, increase in growth under anaerobic conditions when 

nitrate and/or nitrite was present, inhibition of nitrite reductase when high amounts of nitrate 

were present and lack of inhibition of nitrate reductase when ammonia was present, which is 

not the case with assimilative nitrate reductases. 

S. carnosus has also been found to possess a nitrite reductase enzyme which is only taking 

place under anaerobic conditions and induced by the presence of nitrate or nitrite in the 

growth medium and can be reversibly inhibited by oxygen (Neubauer and Götz 1996, 

Neubauer et al. 1998). The results found in this study were not totally consistent with what 

Neubauer and Götz (1996), Talon et al. (1999) and Gøtterup et al. (2007) found about the 

nitrate reductase being greater in anaerobic conditions than  in aerobic conditions. 

The results show that there might be an assimilative nitrate reductase in the strain of S. 

carnosus used in our studies because there was nitrate reduction in aerobic conditions, as the  
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dissimilative nitrate reductase is inhibited by oxygen as described by Neubauer and Götz 

(1996). In our studies the nitrate reductase was more active in aerobic that in anaerobic 

conditions. This could be explained by the fact that S. carnosus being a facultative anaerobe, 

might possess both kinds of nitrate reductases and that the assimilative nitrate reductase 

might be stimulated by the presence of nitrate in the medium. However it is very unlikely for 

the nitrate reductase to be of the assimilative type as according to Pantel et al. (1998), it is 

very difficult to check whether S. carnosus has assimilative nitrate reductase because this 

needs to be done in a medium without sufficient amino acids because assimilative nitrate 

reductase is induced by absence of amino acids and ammonia and we have already seen that 

S. carnosus can only grow in a medium supplemented with several amino acids (Neubauer 

and Götz 1996). 

Since it is almost impossible that the nitrate reductase is an assimilatory one, it means it must 

be of the dissimilatory type which leads to the accumulation of by-products in the medium. 

Dissimilatory nitrate reductases work better in anaerobic conditions although in some cases 

aerobic dissimilatory nitrate reductase can also occur (Härtig et al. 1999, Pantel et al. 1998).  

It is possible that there could be competition pertaining to which substrate will be used as the 

terminal electron acceptor. In the presence of nitrate and oxygen, it is possible that these may 

both compete to be final electron acceptor although in aerobic conditions oxygen is the 

preferred electron acceptor for the electron transport chain but it may be possible that in times 

of oxygen stress the bacteria may use nitrate as final electron acceptor.  

The aerobic conditions in our study did not involve provision of oxygen in the medium but 

only used oxygen that was dissolved in the medium and in the upper phase of the test tubes. 

This could mean that aerobic conditions were present in the initial stages of the fermentation 

and later anaerobiosis dominated after oxygen depletion and then the nitrate reductase 

became more active. According to Talon et al. (1999), their studies for nitrate reductase of S. 

carnosus yielded that during periods of high oxygen tension nitrate reduction was low but 

when oxygen tension became low the nitrate reduction was higher.  

High amount of nitrite may accumulate in treatments which were grown in aerobic conditions 

possibly because of the presence of the nitrite reductase that was explained by Pantel et al. 

(1998) and Neubauer et al. (1998). They described S. carnosus as having a nitrate reductase 

enzyme that converts nitrate to nitrite and then a nitrite reductase that converts nitrite to 

ammonia which only takes place under anaerobic conditions. This means that nitrate may 
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have been reduced to nitrite and accumulated in the medium under aerobic conditions and 

then in anaerobic conditions nitrate may have been reduced to nitrite and then further to 

ammonia although the reduction to ammonia probably was not big because the differences 

between the nitrate reduction in aerobic and anerobic conditions was not very big.  

The nitrate reduction decreased with increase in concentration of nitrate. The highest 

conversion of nitrate to nitrite was observed in the treatment with 100 mg/L nitrate. However, 

the highest concentration of nitrite was observed in the treatment with 1000 mg/L nitrate 

which had 380 mg/L nitrite in the treatment with optimal medium. This means that the 

conversion of the nitrate to nitrite is probably inhibited by high amounts of nitrite that 

accumulates in the medium. The level of nitrite and nitrate in the medium does not seem to 

affect the growth of the bacteria but seems to affect the nitrate reductase activity of the 

bacteria. According to Talon et al. (1999), the maximal level of bacterial population does not 

seem to be affected by the presence of nitrate.  

Talon et al. (1999) also found that there is a maximum amount of nitrate that can be tolerated 

by the bacteria and cause the highest amount of nitrite to be produced. They found that no 

matter the circumstances, the highest level of nitrite was produced in the presence of 0.2 % 

nitrate. In our studies the highest nitrate concentration was 0.1% and it recorded the highest 

amount of nitrite (380 mg/L in the treatment with optimal medium) although the conversion 

efficiency was low at this concentration. This means that high nitrate levels may also be 

inhibiting the nitrate reductase activity of the bacteria. 

 According to Neubauer and Götz (1996), one of the possible mechanisms that may be 

involved in the inhibition of the nitrate to nitrite may be because the high rate of nitrate 

reductase in the presence of nitrate may cause internal accumulation of nitrite in the bacteria 

and this could result in a less efficient transport and excretion of nitrite. This correlates well 

with our results because we saw that the highest initial amount of nitrate did not inhibit the 

nitrate reduction but rather the conversion efficiency was low which could be explained by 

the inefficient excretion of nitrite. 

This experiment showed that anaerobic conditions do not offer any increase in nitrate 

reduction for the particular strain of our bacteria. Therefore, further  investigations were done 

under aerobic conditions. High nitrate concentrations caused low conversion efficiencies 

leaving high amounts of residual nitrate. It was decided to use 100 mg/L nitrate in further 
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experiments. The conversion of nitrate to nitrite in brine + YE medium was not as high as the 

one in optimal medium (88% vs. 31%). However, the medium with brine and YE will be 

used for further incubations because curing brines in meat production contain dextrose sugars 

(Krause et al. 2011). 

4.3 Screening the capacity of the bacteria to reduce vegetable nitrate to 

nitrite 

Two vegetables were used in this experiment: Celery and spinach. They were used based on 

the fact that they are known to contain huge amounts of nitrate, more than 2500 mg/kg 

according to Santamaria (2006). Two concentrations were used for the two vegetables; 50 g/L 

and 500 g/L. This was done so that the efficiency of the bacteria in reducing nitrate to nitrite 

can be checked given low and high concentrations of nitrate, to find if there is inhibition of 

the nitrate conversion and also to check if higher nitrate levels in higher amounts of vegetable 

can reach toxic levels to the bacteria. 

 In Fig 4-4 and 4.5 the results for the pH and the log CFU/ml are shown during time of 

fermentation. The pH decreased during fermentation from pH between 5.5 and 6.3 to pH 

between 4.9 to 5.6 after 24h of fermentation. A slight further decrease in pH between 24 and 

72h for all treatments was observed. There was a significant interaction between treatment 

and time. For each time point, there were significant differences in the treatments (p < 0.05) 

and for each treatment, there were significant differences in time (p < 0.05). Fig 4-4 shows 

that the treatment with spinach resulted in a lower pH decrease than the treatment with celery 

and the treatment with 100 mg/L NaNO3. This could be because spinach is considered as one 

of the most alkaline vegetables with pH between 6.2 - 6.8 (Tolberg and Macey 1965) while 

the pH of celery is between 6.0 and 6.5 (Lyons et al. 1991). 

Starting with 6 log CFU/ml in all treatments, an increase of about 2 log was observed after 

24h incubation. Further incubation up to 72 hours, resulted in a decrease in log CFU/ml in all 

treatments. There was also a significant interaction between treatment and time. For each 

time point, there were significant differences in treatments after 24 and 72 hours of 

incubation (p < 0.05) while for time 0 there were no significant differences in treatments (p > 

0.05). For each treatment, there was a significant difference between the different time points. 

In a first screening with the colorimetric nitrate reduction test, it was seen that in all 

treatments, nitrite was formed, indicating that the bacteria had the capacity to reduce nitrate 
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present in the vegetables. To quantify the conversion of nitrate into nitrite, HPLC analysis 

was performed.  

 

Fig 4-4: Changes in pH during incubation for the different vegetables at different amounts (n=2) 

 

 

Fig 4-5: Changes in log CFU/ml during incubation for the different vegetables at different amounts (n=2) 

 

Fig 4-6 shows the conversion efficiencies for the different treatments at different amounts of 

vegetables added. The conversion efficiency was calculated in the same way as in the 

previous experiment: amount of nitrite produced after 24 or 72 hours divided by the amount 

of nitrate present in the supernatant at time 0. The conversion efficiencies for the treatment 

with 100 mg/L NaNO3 after 24h fermentation was in the same range as observed in the 

former experiment (see Fig 4-2). The conversion efficiency was higher in the treatments with 

low amounts of vegetables compared to the ones with high amounts of vegetables. The 
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conversion efficiency with low amount of vegetables was slightly less than the one obtained 

in the 100 mg/L NaNO3 treatment. Significant differences were found between time of 

conversion (p < 0.05) and treatment (p < 0.05) and there was no significant interaction 

between treatment and time. 

 

 

Fig 4-6: Conversion % for the different vegetables at different amounts (n=2) 

The amount of nitrate at time 0 in the supernatant for the incubation with low amount of 

celery was 80 ± 9 mg/L while that for spinach was 211 ± 50 mg/L. Compared with the 

positive control, containing 100 mg/L and showing the highest conversion, one could expect  

the treatment with low amount of celery to have a higher conversion efficiency of nitrate to 

nitrite. These differences in the nitrate reduction could be explained by the fact that nitrate in 

sodium nitrate is more readily useable than nitrate in vegetables. 

The bacteria managed to grow well in the media with vegetables, as raw vegetables are 

characterized by high aw, slightly acid to neutral pH, high Eh and the presence of vitamins 

and minerals (Darmon et al. 2005). In addition, spinach has also been found to be rich in 

minerals and in  B vitamins (Bhattacharjee et al. 1998). 

Vegetables also provide a low amount of simple sugars, according to Lee at al. (1975), celery 

and spinach contain less that 1% simple sugars (glucose, fructose and sucrose). Boiling of 

vegetables in water has been found to cause considerable leaching of nutrients into the 

cooking water and the leaching is dependent on the time of boiling and the temperatures used 
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(Morris et al. 2004). The vegetables underwent a sterilization process meaning that quite a lot 

of nutrients were leached into the water phase and so provided substrate for the growth of the 

bacteria. There was a tendency of the conversion efficiency to decrease between 24 and 72 

hours. The difference in conversion efficiency between 24 and 72h of incubations could be 

explained by the fact that nitrite is highly unstable. After 72 hours, the pH had decreased by 

about 1.5-2 units for all treatments except for the spinach treatments. It is described that nitric 

oxide is formed from nitrite under mildly acidic conditions (Skibsted 2011). The low nitrate 

to nitrite conversion after 72 hours could be due to the disappearance of nitrite, with the 

formation of nitric oxide and some intermediate products such as N2O3 and HNO2 (Honikel 

2008, Moller and Skibsted 2002). Also the decrease in the nitrate to nitrite conversion after 

72 hours shows that the nitrite does not accumulate in the medium. This implies that if it is to 

be used in curing reactions, the time of fermentation needs to be taken into account. 

In a further experiment, the vegetables were dried because in most studies where they use 

vegetables, they are using the vegetable in powder form because it is easier to handle and also 

because the nitrate is concentrated (Krause et al. 2011, Hammes 2012, Terns et al. 2011). 

Also use of dried material reduces bulk because for example where 50 g/L fresh spinach was 

added, 5.5 g/L dried spinach ended up being added and this has also been found to be 

advantageous because use of small amounts of vegetable prevent vegetable like flavors to be 

imparted to the medium if they are not desired (Krause et al. 2011).  

 The water content in celery and spinach was approximately 86 and 89 g water/100g fresh 

material respectively. Annex ii show the results for the log CFU/ml, pH and nitrate to nitrite 

conversion. Similar results were obtained in growth (log CFU/ml), pH decrease and nitrate 

reduction for the incubation with dried vegetables compared to the ones with fresh 

vegetables. The same amounts of vegetables were used for fresh and dried vegetables (with 

only difference of water content) but the nitrate levels observed at time 0 was different (1965 

± 39 mg/L vs. 1500 ± 61 mg/L nitrate in high amount of fresh and dried spinach 

respectively). 

The higher concentration of nitrate in dried material than in fresh material gives an indication 

of how nitrate probably exists in plant material. Probably it is bound to some components in 

the plant requiring certain processes such as heating to release them. According to Fletcher et 

al. (1987) heating of vegetables reduces the nitrate content in vegetables but increases the 

amount of nitrate in the cooking water. A process like drying is likely to have the same effect 
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where nitrates are released and when water is applied they are readily leached into the water. 

According to Santamaria (2006), fresh vegetables such as celery contain high amounts of 

nitrate of more than 2500 mg/L while in vegetable juice powders nitrate levels of celery juice 

powders can be as high as 27 500 mg/L (Hammes 2012), meaning that drying of the 

vegetables concentrates the nitrates.  

To check the effectiveness of the boiling process in releasing nitrates in the medium, the 

levels of nitrate in fresh spinach were quantified. After boiling, at time 0, the amount of 

nitrate in supernatant was 218 ± 47 mg/kg while the amount of nitrate that remained in the 

vegetable was 117 ± 33 mg/kg and at the end of the fermentation amount of nitrate in the 

vegetable was 111 ± 21 mg/kg. This means that the total amount of nitrate in 5g fresh spinach 

was 332 mg/kg and the sterilization process caused more than 50% nitrate to leach into the 

cooking water. 

From these studies it was concluded that a higher conversion of nitrate to nitrite occurred in 

treatments with spinach compared to celery treatments. As celery is also associated with 

allerginicity (Maleki 2004),  it was decided to further conduct the studies using spinach as the 

vegetable source. At this point, we had not quantified the amounts of nitrate/nitrite in the 

samples by HPLC analysis, so we did not know the conversion efficiencies. The colorimetric 

reduction test only gave information on whether reduction of nitrate to nitrite occurred, so the 

next experiment was carried out using high amount of spinach.  

4.4 Screening the ability of S. carnosus to use vegetables as nitrogen 

source 

In the previous experiments, YE was added as this was a source of  amino acids, vitamins and 

most importantly as nitrogen source to support the growth of the bacteria. Therefore, the aim 

of this experiment was to investigate if YE can be replaced by the vegetables as nitrogen 

source. Fig 4-7 and 4-8 shows the graphs for log CFU/ml and pH. The growth of the bacteria 

in the medium with fresh spinach without YE was similar to the growth obtained when YE 

was added (Fig 4-5). No significant differences were found among treatments (p > 0.05) 

according to log CFU/ml and also there was no interaction between treatment and time. There 

were significant differences according to time (p < 0.05). 

The pH showed considerable differences among treatments. There was a significant 

interaction between treatment and time. According to treatments, there were significant 
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differences in the pH at time 0 and 24h for both fresh material and the control (p < 0.05) 

while there were no significant differences for the treatment with dried material (p > 0.05). 

According to time, there were significant differences among all treatments (p < 0.05). The 

slight decrease in pH for treatment with dried material could be due to the alkalinity of 

spinach. The components that make spinach to be alkaline could have been concentrated 

during drying thus causing a lower pH decrease during fermentation. 

 

Fig 4-7: Changes in log CFU/ml for fresh and dried vegetables without yeast extract (n=2) 

 

Fig 4-8: Changes in pH for fresh and dried vegetables without yeast extract (n=2) 

The graph for log CFU/ml shows that the standard deviation for dried material was quite high 

showing that good growth of the bacteria was not universal. The bacteria could not grow well 

in some of the treatments with dried spinach because drying of the vegetables probably 
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destroyed most of the essential nutrients needed for the bacteria to grow. The vegetables were 

oven dried and a study by Sablani (2006) showed that drying of vegetables causes major 

changes to the nutritional profile of the vegetables.Most vitamins are lost at high 

temperatures. Oven drying is not the best choice for drying vegetables but methods such as 

freeze drying and vacuum drying are better in terms of retention of nutrients (Sablani 2006). 

Vegetable powders which can be obtained commercially are freeze dried so that there is 

maximum retention of nutrients. In a study done by Krause et al. (2011), it was shown that 

the bacteria grew well and managed to substantially reduce nitrate to nitrite upon using a 

vegetable powder which was freeze-dried. 

For the conversion efficiencies of nitrate to nitrite, no significant interaction was found 

between treatment and time and significant differences were found among treatments (p < 

0.05) with higher nitrate reduction in the media with fresh vegetables compared to the one 

with dry vegetables (See Fig 4-9), similar to the observations in the previous experiments. 

This could be due to the higher amount of nitrate in the fermentations with dried material  

than in those with fresh material, as it was already seen that the nitrate reduction is lower with 

higher amounts of nitrate.  

 

Fig 4-9: Conversion % for fresh and dried spinach without yeast extract (n=2) 

No significant difference was found in nitrate reduction between 24 and 72h (p > 0.05), and 

this does not correspond with the observations in previous experiments. Also it is known that 

nitrite is unstable and does not stay unchanged for a long time (Moller and Skibsted 2002). 
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However in this case it could be because there are huge amounts of nitrate available so nitrite 

maybe be converted to other metabolites such as nitric oxide at the same time more 

conversion of nitrate to nitrite could still be taking place. 

From this study it can be concluded that dried spinach cannot be used in curing brines as the  

nitrate to nitrite reduction was not sufficient. Also, by this time all the values for the 

nitrate/nitrite in the samples, as measured by HPLC, were available, it became clear that high 

amounts of nitrate cannot be used because the conversion efficiency is low. For further 

studies, it was chosen to work with low amount of fresh spinach in the brine, without YE as 

additional nitrogen source. 

4.5 Kinetic studies for S. carnosus using low amount of spinach 

Our preliminary studies for the incubation conditions for S. carnosus showed that low amount 

of spinach causes good growth of the bacteria and a reasonable nitrate to nitrite reduction. In 

this experiment, it was aimed to sample more frequently, to have a better view of the growth 

and nitrate reduction in time. The experiment lasted for 26 hours because in most incubation 

studies, they expect the maximum conversion to be after 12 hours (Krause et al. 2011). Very 

long incubations are also not practical for economic reasons.  

The pH and log CFU/ml are shown in Fig 4-10 and Fig 4-11 respectively. The pH was  

reduced from 6.2 to 4.5 for both the incubation with fresh spinach and with NaNO3. The 

growth was increased by 1 – 1.5 log units in both treatments. The maximum growth of the 

bacteria was observed after 8 hours for both treatments and at this time the pH decline started 

to become steady. The bacteria in the medium with 100 mg/L nitrate seemed to grow much 

better.  

The nitrate conversion increased with time until a maximum and then it started to decrease 

(Fig 4-12). Different trends were observed for the control treatment and the treatment with 

low amount of spinach. For the control, the maximum conversion of nitrate to nitrite was 

observed after 6 hours while for the treatment with low amount of spinach the maximum 

conversion was observed after 20 hours. The differences in the time of attaining the maximal 

conversion of nitrate to nitrite could be attributed to the initial amounts of nitrate present in 

the first place. Low amounts of spinach contained on average 215 mg/L nitrate which is 

higher than 100 mg/L NaNO3. This may mean that the bacteria needs more time to work on 

the higher amount of nitrate.   
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Fig 4-10: Changes in pH for medium with low amount of fresh spinach and medium with 100 mg/L 
NaNO3 (n=2) 

 

 

Fig 4-11: Changes in log CFU/ml for medium with low amount of fresh spinach and medium with 100 
mg/L NaNO3 (n=2)  

It could also be because of the nature of the nutrients in the fresh vegetables. Yeast extract in 

the control medium contains readily useable amino acids and nitrogen while in fresh 

vegetable these could be bound in cell walls and may not exist in readily useable manner. 

After 20 hours in the treatment with low amount of spinach, the recovery of the nitrate and 

nitrite started to decrease while for the control the recovery started to decrease after 6 hours. 

The results show that it is possible to produce nitrite from vegetable nitrate. Fig 4-13 shows 

the evolution of nitrate and nitrite in the treatment with low amount of spinach. 
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Fig 4-12: Conversion % of nitrate to nitrite for medium with low amount of fresh spinach and  medium 
with 100mg/L NaNO3 (n =2) 

 

 

Fig 4-13: Evolution of sodium nitrate and nitrite in treatment with low amount of spinach (n=2) 

It is rather impossible to produce sufficient amounts of nitrite that can be applied in meat 

curing, as the supernatants can only be added to the meat at a low percent. It means that if 

nitrite levels of 80 mg/L are needed, the fermentation process should produce at least 800 

mg/L nitrite if injection at a level of 10% is required. It has been shown by the experiments 

here that this is not feasible in batch fermentation as the nitrate reductase system of the 

bacteria seems to be inhibited by its own product and also by high levels of nitrate 
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Studies that were done by Krause at al. (2011) also showed this limitation, and the maximum 

amount of nitrite produced in their experiments was 210 mg/L nitrite. This amount, if added 

to meat at a level of 25% will give a nitrite content of approximately 40 mg/kg nitrite; a 

concentration which has been proven to be sufficient for flavor and color formation but not 

proven adequate for microbial safety. Another study done by Sindelar et al. (2007) yielded 69 

mg/kg nitrite at 25% injection in meat and they also commented this concentration of nitrite 

to be sufficient for flavor and color formation but not proven for microbial safety. The other 

question here is if injection of the supernatant at a level of 25% is practically feasible in the 

meat industry. 

S. carnosus is known to have a nitrite reductase that reduces the nitrite formed into ammonia 

(Neubauer and Götz 1996, Neubauer et al. 1998). To check this, ammonia was also measured 

at the beginning of the fermentation, after 20 hours and at the end of the fermentation. The 

results obtained  showed very small amounts of ammonia throughout the whole fermentation 

period. At the beginning of the fermentation, amount of ammonia was 0.103 ± 0.012 mg/L, 

after 20 hours it was 0.184 ± 0.008 mg/L and at the end of the fermentation it was 0.128 ± 

0.015 mg/L. There seems to be a slight increase in the amount of ammonia. This could be 

because the nitrite reductase is said to function under anaerobic conditions and also only 

occurs when levels of nitrate are very low (Neubauer et al. 1998). In all the cases that we 

measured ammonia, the amount of nitrate was quite high except at the end of the 

fermentation. 

From this experiment, it can be concluded that the amount of nitrite produced is not enough 

to inject the brine at levels of 10% in the meat mixture. Therefore, concentration of the nitrite 

is necessary. For this reason, freeze drying the brine solution was done to obtain a 

concentrated powder, making it able to cure a meat product using 80 mg/L nitrite. The 

challenge that exists in this study is the slightly acidic pH after 20 hours of incubation and 

whether the nitrite will be stable during the freeze drying process. The reason for freeze 

drying is also to preserve other components that could be present in the spinach extract which 

could offer some protection against oxidation of the meat and possibly be extended to the 

consumer.  
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Phase 2: Meat experiment 

4.6 Product Manufacture 

The highest concentration of nitrite was found after 20 hours and it was on average 150 mg/L 

nitrite and still 45 mg/L nitrate was present. In meat products, nitrite is added in an amount of 

80 mg/kg meat batter. To obtain this amount using the supernatants of the fermented spinach, 

the volumes of supernatants to be added in the meat batter will be too high. Therefore, 

concentration of the nitrite in the supernatants is needed, e.g. by freeze-drying.  

One liter of supernatant was made by fermentation and further freeze dried. After freeze 

drying, 79g dry matter was obtained, containing 50 mg nitrite. The expected amount of 150 

mg/L nitrite after 20 hours incubation was thus not found. One possible reason could be the 

reactivity of the nitrite in environment with slightly acidic pH. Nitrite is unstable and is easily 

converted to other nitrogen containing metabolites (Skibsted 2011, Moller and Skibsted 2002, 

Honikel 2008) in acidic environments. Another possible  reason for this low amount of nitrite 

could be because in previous experiments when incubations were done, the flasks were 

opened after every two hours to take a sample, thus introducing oxygen in the medium. 

However for these incubations, they were not opened constantly, but only once at the end of 

the fermentation, so anaerobic conditions may have been achieved earlier and maximal 

conversion of nitrate to nitrite may have occurred sooner than 20 hours. For further studies, 

addition of a buffer solution to prevent large pH drop during the fermentation might be useful 

in retaining high amounts of nitrite. 

The total sugars in the meat was analyzed because the freeze dried powder used was 

suspected to have high amount of sugars due to the huge amounts of dry matter recovered 

after freeze drying. Table 4-4 shows the results for the sugar content in the meat burgers. The 

interaction for the main effects of treatment x day of storage was not significant. It was found 

that treatment 1 and 2 had no significant differences in the amount of total sugars and that 

there were no significant differences in the amount of sugars for each day. This was expected 

since in these treatments no source of sugars was added so the amount of sugars found in 

these treatments was endogenous sugars in meat derived from glycogen.    Treatment 3 

showed very high values of total sugars and this was obviously coming from the freeze dried 

powder. It was found that the meat contained 0.85 ± 0.028 g glucose/100g meat and this 

value was an average calculated from treatment 1 and 2  for day 0 and 2. Both values for day 

0 and 2 were used because there was no significant change of total sugars. So if this amount 
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of total sugars in meat is subtracted from the amount of total sugars found in treatment 3 

(12.58 ± 0.260 g glucose/100g meat), then it means that the freeze dried powder contained 

91.65% sugars. From 64g of freeze dried material added, 58.65g was glucose. 

Table 4-4: Total sugars (mmol/100g meat) for fresh cured pork meat (n=2) 

Time (hrs) 
Treatment 0 48 SEM 
1 4.67a 4.46a 0.16 
2 4.52a 4.32a 0.07 
3 58.46b 60.19b 1.07 
1 negative control containing 13.25g/L NaCl 

2 positive control containing commercial salt with 80mg/L nitrite and 13.25g/L NaCl (0.06% nitrite+ 99.4% 
NaCl) 

3 freeze dried powder containing 80 mg/L nitrite added in an amount of 64g 

a, b means within same column with different superscripts are significantly different (P < 0.05) 

 

The meat experiment was only done for short time of display because of this high amount of 

glucose, which could possibly support microbial growth since microorganisms need a source 

of energy to survive. However, after 2 days of storage there was no decrease in the amount of 

sugars meaning that microbial growth had not started yet. 

The high amount of glucose found back after freeze drying means that the bacteria only used 

a small portion of the glucose provided. If 91.65% of the freeze dried powder was glucose 

then the total recovered glucose after freeze drying (from 79g recovered powder) was 72g. 

From 1L supernatants, 80 g of glucose was added and only 8g of the glucose was utilized. It 

therefore means that only 8.35% of the freeze dried powder contained nitrite and other 

components from the plant material. This means that for further studies, the amount of 

glucose added should be reduced by almost 90% and track if the bacteria grows well or ways 

of eliminating the residual glucose after the fermentation should be established. 

Table 4-5 shows the pH of the pork burgers after three hours of production and after 48 hours 

of storage. The results show that treatment 3 had a lower pH than treatment 1 and 2 and that 

the pH increased slightly after 48 hours. One would expect all the treatments to have the 

same pH but the lower pH in treatment 3 is probably because of the impact of the freeze dried 

powder which had a low pH (4.61 ± 0.028) and so caused the pH in the meat to become 

lower. 
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Table 4-5: pH of pork burgers after three hours of production and after 48 hours of 
storage ( n=2) 

Time (hrs)  
Treatment 3  48  SEM 
1 5.36a, x 5.44a, y 0.020 
2 5.37a, x 5.45a, y 0.025 
3 5.31b, x 5.37b, y 0.019 
1 negative control containing 13.25 g/L NaCl 

2 positive control containing commercial salt with 80 mg/L nitrite and 13.25 g/L NaCl (0.06% nitrite+ 99.4% 
NaCl) 

3 freeze dried powder containing 80 mg/L nitrite added in an amount of 64g 

a, b means within same column with different superscripts are significantly different (P < 0.05) 

x, y means within same row with different superscripts are significantly different (P < 0.05) 

 

4.7 Color measurements 

Color measurements were done for the fresh cured pork burgers and also for the cooked 

burgers (Table 4-6 and 4-7 respectively). For the fresh cured meat, there was significant 

interaction (p < 0.05) of treatment x day of storage for CIE L* (lightness), a* (redness), b* 

(yellowness) value. The L* values decreased with time and these values were significantly 

different for each treatment except for treatment 1 and 2 after 3, 4, 5 and 24 hours. The a* 

values increased with time for treatment 2 and 3 but decreased with time for treatment 1. The 

a* values were also significantly different across all treatments. After 48 hours, treatment 2 

had a significantly higher a* value compared to the value of  treatment 1 and treatment 3. The 

b* values decreased with time for all treatments meaning yellowness of the samples 

decreased and also there was significant differences across the treatments.  

For the cooked cured pork, there was a significant interaction (p < 0.05) of treatment x day of 

storage for CIE L*, a* and b*. L* and b* values increased with time for all treatments and for 

each day the values were significantly different across all treatments. The L* values for 

cooked pork were higher than the ones for fresh cured pork. The a* values for treatment 2 

and 3 were higher than for treatment 1 and were only significantly different for day 5. The 

redness of the samples decreased with time for all treatments. 
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Table 4-6: Color measurements for cured fresh pork meat  (n=7 for all treatment except 
n=3 for 48 hours) 

 Time (hrs) 
Treatment 0 1 2 3 4 5 24 48 
L* parameter 
1 50.91a 49.96a 49.67a 49.10a 49.19a 49.27a 48.79a 48.92a 
2 52.36b 51.08b 50.37b 49.59a 49.38a 49.17a 48.08a 47.86b 
3 48.09c 47.86c 47.02c 46.44b 46.35b 46.01b 42.72b 43.14c 
SEM 0.40 0.31 0.34 0.32 0.32 0.35 0.61 0.87 
a* parameter 
1 14.17a 13.93a 13.81a 13.79a 13.53a 13.20a 12.24a 11.19a 
2 5.77b 6.48b 7.02b 7.74b 8.08b 8.36b 10.69b 11.89b 
3 7.25c 7.49c 7.93c 8.45c 8.61c 8.85c 11.19c 10.69a 
SEM 0.78 0.71 0.64 0.58 0.53 0.48 0.14 0.17 
b* parameter 
1 20.09a 20.29a 20.25a 19.64a 19.34a 19.24a 18.39a 17.67a 
2 16.67b 16.15b 16.18b 15.65b 15.52b 15.41b 14.73b 14.24b 
3 17.72c 17.30c 17.55c 16.58c 16.58c 16.56c 16.96c 15.01c 
SEM 0.315 0.407 0.373 0.366 0.36 0.35 0.33 0.47 
1 negative control containing 13.25g/L NaCl 

2 positive control containing commercial salt with 80mg/L nitrite and 13.25g/L NaCl (0.06% nitrite+ 99.4% 
NaCl) 

3 freeze dried powder containing 80mg/L nitrite added in an amount of 64g 

a, b, c means within same column with different superscripts are significantly different (P< 0.05) 

 

For the fresh cured pork, the L* values decreased with time while for the cooked cured pork, 

the L* values increased with time across all treatments. According to Brewer et al. (2001), L* 

values are correlated to pinkness in pork and that is why there is an increase in L* values for 

cooked cured pork in treatment 2 and 3 because of the formation of nitrosohemochrome. In 

the cooked cured pork, L* and b* values both increased and according to McDougall (1982), 

an increase in L* values is often accompanied by increase in b* values. The reverse occurs in 

the fresh cured pork where L* and b* values decrease with time across all treatments. 

The L* value for both fresh cured pork and cooked cured pork was lower in treatment 3. 

Probably this is caused by the addition of the freeze dried powder which was added in high 

amounts and so obviously had an impact on the color properties of the meat. The a* value 

increased in fresh cured pork for treatments with nitrite because of the formation of 

nitrosomyoglobin. Immediately after production of the burgers, the color in treatment 2 and 3 

changed to brown and this is because of the reaction between nitric oxide and metmyoglobin 
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(Fe3+) to give nitroso-metmyoglobin(brown) (Fe3+) which is subsequently reduced to the 

pink-red nitrosomyoglobin (Fe2+), resulting in an increase in the a* values.  

Table 4-7: Color measurements for cooked cured  pork meat  (n=3)  

                          Time 
Treatment 0 hours 1 day 5 days 
L* parameter 
1 71.94a, x 73.30a, y 73.25a, y 
2 70.65a, x 72.43a, y 73.22a, y 
3 68.05b, x 69.62b, y 71.44b, z 
SEM 0.59 0.57 0.32 
a* parameter    
1 2.17a, x 2.26a, x 2.43a, y 
2 8.91b, x 4.88b, y 3.57b, z 
3 8.99b, x 4.47b, y 2.43a, z 
SEM 1.13 0.41 0.19 
b* parameter    
1 13.84a 13.88a 13.90a 
2 11.04b, x 14.14a, y 14.16a, y 
3 13.76a, x 16.28b, y 15.62b, y 
SEM 0.47 0.38 0.28 
1 negative control containing 13.25g/L NaCl 

2 positive control containing commercial salt with 80mg/L nitrite and 13.25g/L NaCl (0.06% nitrite+ 99.4% 
NaCl) 

3 freeze dried powder containing 80mg/L nitrite added in an amount of 64g 

a, b, c means within same column with different superscripts are significantly different (P< 0.05) 

x, y means within same row with different superscripts are significantly different (P<0.05) 

 

The formation of nitrosomyoglobin (Fe2+) is accelerated by the presence of ascorbic acid 

which acts as a reducing agent. The redness in treatment 3 was higher in the first hours, 

probably due to the lower pH of the samples since the formation of nitric oxide from nitrite is 

faster in environment with lower pH (Moller and Skibsted 2002, Honikel 2008). Spinach 

extract is also known to have ascorbic acid and possibly some reductants could be present 

which also accelerated the reduction of nitrite to nitric oxide. 

The cured color in the cooked pork is because of the denaturation of nitrosomyoglobin (Fe2+) 

to give nitrosohemochrome which is pink in color. The a* values of treatment 2 and 3 are 

higher than in treatment 1, due to the presence of nitrite which is known to cause cured meat 

color. The color from treatment 2 and 3 was expected to be the same since the same 

concentration of nitrite was added in both treatment (80 mg/L). The a* values decreased with 
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time and according to Fernández-Ginés et al. (2006) a* values are expected to decrease for 

cooked cured meat and they are also expected to decrease with storage for the fresh cured 

meat. The redness decreased with time when the product was stored under illumination. 

Decreasing a* values are known to be correlated to decreased cured pigment concentrations 

(Terns et al. 2011).  

In treatment 3 for fresh cured pork burgers, on day 2, the a* value was lower than in 

treatment 2 showing that redness in treatment 3 decreases faster than in treatment 2 even 

though the same amount of nitrite was added. This could be because the evolution of nitrite in 

these treatments is different. Table 4-9 shows that nitrite in treatment 3 is depleted faster than 

in treatment 2 and this may imply that some residual nitrite is essential for maintaining color 

stability. 

The a* values in no nitrite added treatment was higher in the fresh meat because of the 

presence of different states of myoglobin. At first, it was bright red possibly because of the 

presence of more oxymyoglobin. Later on, the redness started to decrease because of the 

formation of metmyoglobin because of low oxygen tension during storage. According to 

Snyder (1965), the ratios of 650/580 nm can give an indication of the amount of myoglobin: 

approaching 1.0 means more metmyoglobin and more than 4.0 means more oxymyoglobin. 

The ratio was calculated for the fresh non cured pork meat and the values were between 3 and 

4 up to 24 hours and then they started to decrease signifying the depletion of oxymyoglobin. 

Hunt and Kropf (1985) described another ratio of 650/570 nm to describe cured color 

intensity that says: 1.1 - no cured color, 1.6 - moderate fade, 1.7 to 2.0 - less intense but 

noticeable cured color and 2.2 to 2.6 - excellent cured color. The ratio increased with time for 

both treatment 2 and 3 and after 24 hours it was above 2 indicating excellent cured color for 

both treatments. According to American Meat Science Association (1991), this ratio is more 

sensitive to color changes than the CIE notations and easier to interpret. 

It seems quite clear that curing reactions occurred in both treatments and so the only 

difference in the a* values is because of the freeze dried powder which contained other 

components which affect the cured color. Treatment 2 and 3 cannot be compared in the same 

way because the nitrite in treatment 3 was not pure. The formation of the cured color is 

important in cured meat products because color is one of the most important determinants of 

whether a consumer will accept or reject a product (Sebranek and Bacus 2007).  
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4.8 Oxidative stability 

The TBARS-number was determined using two methods: the distillation method and the 

extraction method. The distillation method is commonly used on fresh meat and not on cured 

meat because residual nitrite causes a nitrosation of MDA thus making it unavailable for 

reaction with TBA (Fernández et al. 1997) so that means that the distillation method will be 

most suitable for treatment 1. The extraction method is done for processed meat products and 

so will be most appropriate for treatment 2 and 3. In general, higher MDA values were 

obtained in the extraction method than in the distillation method (Table 4-8). Several 

compounds have been found to interfere in the extraction method which include sugars, 

proteins, plant extracts and metal ions (Hoyland and Taylor 1991, Fernández et al. 1997) and 

these have not been found to be a problem in the distillation method (Ke et al. 1984). 

Independent of the method used, a significant interaction of treatment x day of storage was 

observed. The results show that there was a significant increase in MDA with time for 

treatment 1. Using the distillation method, treatment 2 and 3 show low MDA levels at all 

time points, indicating that lipid oxidation did not take place in the samples with added 

nitrite. However, these low values could also be due to the interference from nitrite in this 

method.  

The extraction method yielded almost the same tendency as the distillation method where 

there was increase in MDA with main factor of day for treatment 1. The increase in time was 

not significant for treatment 2 showing the effect of nitrite against lipid oxidation. However, 

the trend observed for treatment 3 was different from that of treatment 2. The extraction 

method showed very high values for the MDA amount.  It is very likely that these high values 

are not only due to oxidation products, but that also other components in the plant extract are  

extracted and reacting with TBA,  giving these high values. Also the extraction method may 

not be reliable for all treatments because the samples formed a different color from the ones 

obtained using the standards. This may mean that the metabolites formed do not absorb at the 

same wavelength as the products formed with the standards. 

One way ANOVA was done for the cooked samples which were displayed for five days. 

Higher values were obtained in treatment 1 for the distillation method showing apparent 

oxidation. The distillation method showed higher values for treatment 1 which exceed the 

taste threshold and no significant differences (p > 0.05) between treatment 2 and 3. For the 

extraction method, treatment 3 recorded higher values as before and there were significant 
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differences (p < 0.05) among all treatments. Consistent in the results was a small decrease in 

MDA values in treatment 3 for both the distillation method and the extraction method during 

time of display. The results from treatment 2 and 3 show that nitrite retards lipid oxidation, 

and other components seem to work additive to nitrite in treatment 3. 

Table 4-8: TBA content in µg MDA/g for extraction and distillation method (n=3) 

Distillation method Extraction method 
Day 0 2 Cooked 0 2 Cooked 
Treatment       
1 0.078a,x 0.394a, y 2.282a 0.190a,x 0.276a,y 0.772a 
2 0.039b 0.055b 0.086b 0.147a 0.171b 0.214b 
3 0.081a,x 0.065b,y 0.065b 1.058b 0.980c 1.006c 
SEM 0.008 0.057 0.360 0.149 0.127 0.118 
1 negative control containing 13.25 g/L NaCl 

2 positive control containing commercial salt with 80 mg/L nitrite and 13.25 g/L NaCl (0.06% nitrite+ 99.4% 
NaCl) 

3 freeze dried powder containing 80 mg/L nitrite added in an amount of 64g 

a, b, c means within same column with different superscripts are significantly different (P < 0.05) 

x, y day effect: means within same row and within both methods with different superscripts are significantly 
different (P < 0.05) 

 

The antioxidant activity of nitrite has been known for quite some time and so it is not 

surprising that after some days of storage the treatment without nitrite added showed more 

lipid oxidation than the treatment with nitrite. As little as 50 mg/L nitrite has been found to be 

effective against lipid oxidation (Pegg and Shahidi 2000, Sebranek and Bacus 2007). 

According to Morrissey and Techivangana (1985), 50 mg/L nitrite reduced lipid oxidation by 

50-64% for beef, pork and chicken and at higher concentrations the reduction of lipid 

oxidation was even higher. Nitric oxide can easily be oxidized to nitrogen dioxide in the 

presence of oxygen implying that there is an oxygen sequestering action which thus makes 

oxygen unavailable for inducing rancidity (Honikel 2008). This remark is also found as a foot 

note in EU Directive (2006). 

The antioxidant effect of nitrite is not as unique as the color and flavor effect because other 

antioxidants such as TBHQ, BHA and BHT can be used and exert the same effect. However, 

nitrite provides the advantage that it can exert several positive effects on its own. The 

treatment with the freeze dried powder showed even lower lipid oxidation than the treatment 

with pure nitrite and this implies that there could be some other components in the freeze 
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dried powder which also have antioxidant activity. Plants extracts have been found to contain 

some antioxidant activity derived from tocopherols, ascorbic acid, carotenoids and phenolic 

compounds and these have been found to exhibit equivalent inhibition of lipid oxidation and 

haem pigment protection (Wójciak et al. 2011). Spinach has already been found to be a good 

source of ascorbic acid, carotenes and phenolic compounds (Bhattacharjee et al. 1998, Aehle 

et al. 2004). According to a study done by Ismail et al. (2004) in which they determined the 

amount of phenolics in several vegetables, spinach was found to contain the highest amount 

of phenolics (7167 ± 73 mg/100g vegetable extract). A correlation has been found between 

concentration of phenolic compounds and antioxidant activity (Turkmen et al. 2005). Another 

study done by Bergman et al. (2001) and Hait-Darshan et al. (2009) showed that there is a 

natural antioxidant in the water extract of spinach leaves which has powerful antioxidant 

activity. 

The presence of phenolic compounds and ascorbic acid could be providing an additional 

antioxidant effect in treatment 3. The use of alternative plant based natural antioxidants is 

increasingly becoming of importance because the use of synthetic antioxidants such as 

TBHQ, BHA and BHT has been found in a lot of cases to be toxic and carcinogenic (Race 

2009, Sebranek et al. 2005, Zarena and Sankar 2009, Shahidi and Zhong 2005) although they 

are used in food systems at low doses considered not to be toxic. The use of natural 

antioxidants allows producers to produce foods that can be perceived by consumers as ‘clean 

label products’ and this is increasingly becoming very crucial to consumers for safety 

reasons. These natural antioxidants besides protecting the food and improving the shelf-life 

of meat products, they are also important because of their bioactivity (Shahidi and Zhong 

2005). However, further studies still need to be done to determine the components which can 

be extracted through fermentation processes. 

4.9 Residual Nitrite 

Table 4-9 shows the results for residual nitrite in cooked and fresh cured pork meat. The 

amount of nitrite added in the samples was 80 mg/L nitrite and the results show that 

immediately after production of the product, the nitrite decreased by 50% in treatment 2 and 

by more than 50% in treatment 3. There was a significant interaction between the main 

effects of treatment x day of storage. For each day, there were significant differences among 

treatments. For each treatment, there were no significant differences in the residual nitrite 

between days for treatment 1 and 3 but significant differences existed for each day for 



RESULTS AND DISCUSSION 

70 

 

treatment 2. Lower values of residual nitrite were observed for treatment 3 than for treatment 

2. One way ANOVA was done for the cooked samples and the results showed that  there 

were significant differences (p < 0.05) in the residual nitrite for all treatments. Treatment 3 

had the lowest residual nitrite. 

The decrease of nitrite throughout storage is common and a widely recognized phenomenon 

(Tompkin 2005) as nitrite is a reactive compound which does not remain unchanged for long. 

This is because, besides nitrite reactions with myoglobin, several other compounds are 

reacting with the nitrite forming reactive nitrogen intermediates which could be involved in 

the flavor, antioxidant and bacteriostatic effect of nitrite (Cassens et al. 1978, Cassens 1990). 

A greater part of the nitrite has been found bound to proteins, SH residues and lipids 

(Hammes 2012).  

Table 4-9: Residual Nitrite in mg/kg for fresh and cooked cured pork meat (n=3) 

Day 0 2 Cooked 
Treatment    
1 3.97a 3.87a 3.87a 
2 43.03b,x 30.09b,y 35.42b 
3 21.08c 19.44c 19.34c 
SEM 5.66 3.81 4.58 
1 negative control containing 13.25 g/L NaCl 

2 positive control containing commercial salt with 80 mg/L nitrite and 13.25 g/L NaCl (0.06% nitrite+ 99.4% 
NaCl) 

3 freeze dried powder containing 80 mg/L nitrite added in an amount of 64g 

a, b means within same column with different superscripts are significantly different (P < 0.05) 

x, y means within same row with different superscripts are significantly different (P < 0.05) 

 

According to Honikel (2008), the largest disappearance (up to 65%) is observed during the 

manufacture up to the end of the process and is independent of ingoing amounts. Lower pH 

accelerates the disappearance of nitrite, which could explain the lower residual nitrite 

measured in treatment 3. Addition of ascorbate also accelerated the depletion of nitrite 

because ascorbate provides reducing conditions which makes the formation of nitric oxide 

faster. This means that lower residual nitrite in treatment 3 could be caused by the lower pH 

and some additional ascorbic acid that could be coming from the plant extract. Lower 

residual nitrite concentrations are encouraged because they limit the formation of 



RESULTS AND DISCUSSION 

71 

 

nitrosamines in cured meat (Hammes 2012) since residual nitrite has demonstrated to be a 

significant factor in nitrosamine formation (Pegg and Shahidi 2000). 

Although lower residual nitrites are desired, some amount is needed to provide microbial 

safety to the product. It has been shown that residual nitrite is critical to anti-botulinal effects 

at the time of temperature abuse and that depletion of nitrite during storage can reach a point 

at which inhibitory effects are also reduced (Tompkin 2005). Cassens (1997) also reported 

that residual nitrite is essential in maintaining cured color and flavor during storage and the 

amount reported to be sufficient was 5 - 15 mg/L for commercial cured meats in the USA. 

When residual nitrite is low, packaging and environmental conditions of storage also become 

critical to maintain stability of the product (Sebranek and Bacus 2007). 

The use of natural nitrite to cure meat products seem to be effective pertaining to color and 

antioxidant activity but it has not been ascertained to provide microbial protection. The fact 

that the depletion of nitrite is at a different rate with the nitrite added control may mean that 

different amounts of reactive nitrogen species are formed, some of which may have 

antimicrobial components. Several studies have shown that meat products that have been 

cured using natural nitrite have greater potential for the growth of food borne pathogens such 

as C. perfringens and L. monocytogenes (Jackson et al. 2011, Schrader 2010, Sullivan et al. 

2012).  

Because of this microbial safety concern, further studies need to be done to make sure that 

these products are safe and also to be sure that initial lethality and sustained inhibition of 

pathogens is achieved. Thermal processes such as pasteurization are effective for reducing L. 

monocytogenes but not enough for spore forming pathogens and this means that presence of 

nitrite as another preservation technique continues to be important. New techniques such as 

High Pressure processing (HPP) has been found to be effective post-lethality treatment which 

is effective against E. coli, L. monocytogenes, Salmonella sp., Yersinia enterocolitica and 

Campylobacter jejuni (Han et al. 2011, Jofré et al. 2008, Rendueles et al. 2011). However, it 

was also found that C. botulinum is resistant to HPP and so cannot be activated by HPP alone 

(Jofré et al. 2008) which still comes back to the point that some levels of nitrite will be 

needed. The use of HPP may offer more safety since this technique has been found to alter 

microbial cell walls thus increasing the susceptibility of injured cells to growth inhibitors 

such as nitrite (Sebranek et al. 2012). 
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5 CONCLUSION 

From these studies, it was shown that S. carnosus has the ability to reduce nitrate to nitrite. 

The bacteria was able to reduce nitrate to nitrite under aerobic conditions and this was 

because aerobic conditions prevailed during the first hours of fermentation and later there 

was lower oxygen tension and anaerobiosis prevailed. The nitrate reduction was inhibited by 

high amounts of nitrite and the highest efficiency of reduction of nitrate to nitrite was 

observed when low amounts of nitrate was used (100 mg/L nitrate in the control). 

The nitrate reducing activity of S. carnosus was demonstrated on vegetable nitrate. From the 

vegetables which were studied, it was found that spinach had a higher amount of nitrate than 

celery. The highest conversion of nitrate to nitrite was observed when using low amount of 

fresh spinach (50 g/L), possibly due to  the alkalinity of spinach which provided a favorable 

growth environment for the bacteria.  

Although there was nitrite being produced in the supernatants of microbial fermentation of 

spinach, it was found that this nitrite was not sufficient to cure a meat product at a 

concentration of 80 mg/L nitrite. Each microbial fermentation was producing on average 150 

mg/L nitrite after 20 hours of fermentation. Concentration of the supernatant was necessary. 

After freeze-drying the supernatants, the expected amount of 150 mg/L nitrite as obtained 

from other fermentation studies was not found. Only 50 mg/79 g dried product was obtained. 

This amount of nitrite was however enough to cure a meat product (500g meat uses 40 mg 

nitrite) by adding the freeze dried powder in high amounts. It was found that 92% of the 

freeze dried powder was glucose recovered from the fermentation. Further fermentation 

studies need to be done to find the maximum amount of glucose required by the bacteria that 

will not allow recovery of the glucose after drying or other ways to remove the glucose need 

to be established. 

It was found that curing pork meat using the freeze dried powder caused cured color and 

oxidative stability. It was also shown that oxidative stability of the pork meat cured with 

freeze dried powder could be greater than the one with nitrite because of the presence of other 

antioxidative compounds present in the spinach.  Also the residual nitrite in the treatment 

with the freeze dried powder was lower than in the conventionally cured meat, which is 

beneficial as lower amounts of residual nitrite  limits the formation of nitrosamines. 
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Although it was proved that natural nitrate from vegetables can be a source of nitrite for meat 

curing, further studies still need to be done to ascertain the safety of these products in terms 

of contamination by food borne pathogens such as L. monocytogenes and C. botulinum. 

Natural plant nitrite provides advantages to the producer for increasing the shelf life of the 

product but may be of more importance to the consumer if phytochemicals are present which 

offer other health effects, thus provide more safety to the consumer. Safety of these products 

can also be improved by employing the hurdle concept of preservation whereby additional 

preservation techniques such as HPP are employed. 
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7 ANNEX I 

 

 
Fig 7-1: Calibration curves for nitrite (A) and nit rate (B)    (1) 
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 Calibration curves for nitrite (A) and nitrate (B)      (2)  
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Fig 7-3: Calibration curve for calculation of MDA concentration in meat samples using extraction (A)               
and distillation method (B)  
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Fig 7-4: Calibration curve for calculation of glucose concentration in sample 
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ANNEX II 

 

Fig 7-5: Changes in log CFU/ml during incubation for dried vegetables at different amounts (n=1) 

 

 

Fig 7-6: Changes in pH during incubation for dried vegetables at different amounts ( n=1) 
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Fig 7-7: Conversion % for dried vegetables at different amounts ( n=1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  


