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ABSTRACT

EFFECT OF ULTRASOUND AND TEMPERATURE ON TOMATO
PEROXIDASE

SAHIN ERCAN, Songiil
M.Sc. in Food Engineering
Supervisor: Assist. Prof. Dr. Cigdem SOYSAL
June 2009, 74 Pages

Activity of tomato peroxidase (POD) was determined by using guaiacol and o-
dianisidine as hydrogen donors. Activity of tomato POD for inactivation experiments
was determined by using o-dianisidine as hydrogen donor because low Ky
(Michaelis-Menten constant) value was found by using o-dianisidine. Thermal
inactivation of tomato POD was performed at temperatures of 63, 64, 65, 66 and
67°C. 50% reduction in POD activity was observed at 63, 64, 65, 66 and 67°C for
15.5, 10.5, 6.5, 5 and 3 minutes, respectively. The effect of ultrasound on tomato
POD inactivation was performed at 15, 25, 40, 50 and 75% ultrasonic powers. It was
observed that as the ultrasonic power increased, inactivation rate increased. 100%
POD inactivation was observed at 50% and 75% powers for 150 and 90 seconds,
respectively. Regeneration of tomato POD activity was investigated for the samples
exposed to ultrasound at different ultrasonic powers (15, 25, 40, 50 and 75%) and
stored at 4°C for one week period. It was observed that regeneration increased as the
ultrasonic power increased. There was no regeneration in the samples which 100 %
enzyme inactivation obtained by ultrasound. Vitamin C and total bacteria of tomato
extract after heat and ultrasonic treatment were used for quality indicator. When
approximately 50% POD was inactivated, vitamin C of tomato extract was decreased
27% by heat treatment and no reduction by ultrasonic treatment was observed.

Higher amount of total bacteria reduction was observed by ultrasonic treatment.

Key Words: Tomato, peroxidase, kinetics, heat, ultrasound, vitamin C.

il



0z
ULTRASON VE SICAKLIGIN DOMATES PEROKSIDAZI UZERINE
ETKILERI

SAHIN ERCAN, Songiil
Yiiksek Lisans Tezi, Gida Miihendisligi Boliimii
Tez Yoneticisi: Yrd.Dog. Dr. Cigdem SOYSAL
Haziran 2009, 74 Sayfa

Domates peroksidazinin aktivitesi hidrojen verici olan guaykol ve o-dianisidin
kullanilarak belirlendi. Diisiik Km (Michaelis-Menten sabiti) degeri o-dianisidin
kullanilarak bulundugu icin etkisizlestirme deneylerinde domates peroksidazinin
aktivitesi o-dianisidin kullanilarak belirlendi. Domates peroksidazinin 1s1l islem ile
etkisizlestirilmesinde 63, 64, 65, 66 ve 67°C'de calisildi. Peroksidaz aktivitesindeki
%50 diisiis 63, 64, 65, 66 ve 67°C'de sirasiyla 15,5, 10,5, 6,5, 5 ve 3 dakika olarak
belirlendi. Ultrasonun domates peroksidazi lizerine etkisi %15, 25, 40, 50 ve 75
ultrasonik gii¢clerde calisildi. Ultrasonik gii¢ arttikca etkisizlestirme hizinin arttig
belirlendi. Peroksidazin %100 etkisizlestirilmesi %50 ve %75 ultrasonik gilicde
sirastyla 150 ve 90 saniye olarak belirlendi. Domates peroksidaz aktivitesinin geri
doniigiimiinii incelemek i¢in numuneler farkli ultrasonik giiglere (%15, 25, 40, 50 ve
75) maruz birakilarak 4°C'de bir hafta boyunca saklandi. Ultrasonik gii¢ arttikca geri
doniistimiin hizlandig1 belirlendi. Enzimin %100 etkisizlestirildigi numunelerde geri
doniigiimiin olmadig1 gozlendi. Is1 ve ultrason isleminden sonra domates Oziitiindeki
vitamin C ve toplam bakteri kalite gostergesi olarak kullanildi. Peroksidazin yaklasik
olarak %50 etkisizlestirildigi noktada, 1s1l islem ile domates oziitiinde %27 vitamin C
kayb1 belirlenirken, ultrasonik islem sonucu vitamin C miktarinda higbir diislis
gozlenmedi. Ultrasonik islemle toplam bakteri miktarinda daha fazla bir diisiis

belirlendi.

Anahtar Kelimeler: Domates, peroksidaz, kinetik, 1s1, ultrason, vitamin C.
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CHAPTER1
1. INTRODUCTION

In 1855, Schoenbein observed that extracts from some mushrooms and animal
tissues caused the development of a blue color in guaiacol solutions in the presence
of air or with dilute solutions of hydrogen peroxide. This activity was due to the

presence of peroxidase (Whitaker, 1993).

POD (donor: H,O, oxido-reductase; EC 1.11.1.7) constitute a group of glycoproteins

the main function of which is the oxidation of different substrates at the expense of
H,0, PODs are ubiquitous, iron-containing enzymes, which oxidize phenolic
compounds and related substances, using activated oxygen released from H,0O, or

organic peroxidase (Robinson, 1991).

To prevent unwanted changes during storage, fruit and vegetable products are
generally subjected to some type of treatment during processing in order to inactivate
these enzymes. A heat treatment, such as blanching, pasteurization or commercial
sterilization is most commonly used (Anthon et al, 2002). Heat, compared to other
food preservation methods, has the important advantage of ensuring food safety and

long preservation due to its destructive effect on enzymes and microorganisms.

POD is considered to have an empirical relationship to off- flavours and off-colours
in raw and unblanched frozen vegetables (Lopez et al, 1994). Therefore, the
inactivation of this enzyme increases the shelf life of vegetables during frozen
storage (Williams et al, 1986; Barret and Theerakulkait, 1995). POD activity of plant
foods is widely used as an index of blanching because of its high termostability. It is
considered that any heat treatment sufficient to destroy peroxidase activity will also
destroy most other enzyme systems (Serrano-Martinez et al, 2008). However, the
non-specific effect of heat can cause reductions in nutritive and sensorial quality of
many attempts have been made to design alternative procedures for food preservation

and sanitation (Barbosa-Canovas et al, 1998). Some of the common non-thermal



alternatives to thermal processing of foods include pulse- electric field inactivation,
high pressure, microfiltration and ultrasonication. In recent years, the food industry
has discovered that ultrasonic waves have a wide variety of applications in the
processing and evaluation of products. From grading beef to sterilization, ultrasound
has a number of applications in an increasing number of areas in the food industry. In
combination with heat, it can accelerate the rate of sterilization of foods, thus
lessening both the duration and intensity of thermal treatment and the resultant
damage (Piyasena et al, 2003). The advantages of ultrasound over heat pasteurization
include: the minimizing of flavor loss, especially in sweet juices; greater

homogeneity; and significant energy savings (Earnshaw et al, 1995).

1.1. Origin of Enzyme

POD extensively distributed in higher plants (e.g., horseradish, turnip, fig sap),
animals (e.g., tryptophan pyrrolase, iodine peroxidase of thyroid) and
microorganisms [e.g., cytochrome C peroxidase of yeast (Cruz and Fatibello-Filho,

1998)].

Plant PODs can be subdivided into three subgroups (acidic, neutral and cationic)
according to their isoelectrophoretic mobilities. Based on differences in primary
structure, the plant peroxidase superfamily can be divided into three classes: I, II and
III. Class I peroxidases include intracellular enzymes in plants, bacteria and yeast.
Class II peroxidases are extracellular peroxidases of fungi. Class III comprises
classical plant secreted peroxidases. Class III peroxidases enzymes have

approximately 300 amino acids (Clemente, 2002).

According to current classification, the plant peroxidase superfamily includes
prokaryotic enzymes (bacterial catalase-peroxidases, yeast cytochrome ¢ peroxidase,
plant ascorbate peroxidases), fungal enzymes (lignin and manganese peroxidases and

planttype enzymes) as well as those from plants.

They are present in plant cells in soluble, ionically or covalently bound to cell wall
components forms. These enzymes are widely distributed in higher plants where they
are involved in various processes e.g. cell elongation by cell wall-bound peroxidase,

lignification process and plant defense mechanisms (Belcarz et al, 2008).



POD has been reported as found in many plants those of including strawberry
(Civello et al, 1995), spring cabbage (Belcarz et al, 2008), orange (Clemente, 2002),
kiwifruit (Fang et al, 2008), mint leaves (Shalini et al, 2008), red pepper (Serrano-
Martinez et al, 2008), horseradish (Veitch, 2004; Sariri et al, 2006), cocoa beans
(Sakharov and Ardila, 1999), Brussel sprout (Forsyth and Robinson, 1998), pumpkin
(Gongalves et al, 2007), carrots (Soysal and Sdylemez, 2005), melon (Rodriguez
Lopez et al, 2000), maize root (Maksimovig et al, 2008), butternut squash (Agiiero et
al, 2008), tomato (Savic et al, 2008) and sunflower roots (Jouili et al, 2008).

1.2. Physiological Role of POD

The enzyme is involved in many plant functions such as hormone regulation, defence
mechanisms, indoleacetic acid degradation during maturation and senescence of
fruits and vegetables and lignin biosynthesis. Because of its multiple functions, the
enzyme is commonly found as several isoenzymes in plants. In the presence of
peroxide, POD produces phytotoxic free radicals which react with a wide range of
organic compounds (ascorbic acid, carotenoids and fatty acids), leading to losses in

the colour, flavour and nutritional value of raw and processed foods (Serrano-

Martinez et al, 2008).

POD participates in the late stages of the lignin-forming process and in the protection
of tissues damaged by, or infected with, pathogenic microorganisms. The capacity in
vitro of the enzyme to convert 1-aminocyclopropane-l-carboxylic acid (ACC) into
ethylene has already been established. Moreover, it can also degrade chlorophyll in
vitro in the presence of phenols and participate in the oxidation of indoleacetic acid
(IAA) proposed a model in which the capacity to oxide ACC and IAA was assigned
to basic PODs, while acid peroxidases would participate in the lignification process

(Civello et al, 1995).

POD is the most widely used enzyme as a biochemical indicator of disease, cellular
injury, trauma damage, infection, etc, in plants. POD activity appears to increase
during ripening and senescence in fruits, e.g. mango, grape, apple, pear and banana.
It plays regulatory role in plant systems such as ethylene biogenesis, membrane
integrity, respiration control, and oxidative metabolism of auxin and cytokinin (Ory

and Angelo, 1977).



1.3. Physical Properties

1.3.1. Isoelectric Point (pI)

POD found in higher plants include basic, neutral, or acidic pl, and a single vegetable
may contain several isoenzymes having wide range of pl values. Acidic PODs have
been found in turnip roots, pI 3 (Duarte-Vazquez et al, 2000); pepper fruits, pl 3.8
(Pomar et al, 1997); the soluble fraction of potato tuber sprouts, pI 3 (Boucoiran et
al, 2000) and the salt extract of tomato, pl 3.5 (Marangoni et al, 1989). Basic PODs
have been found in turnip roots, pl 8.5 (Duarte-Vazquez et al, 2000), and the soluble
fraction of potato tuber sprouts, pI 10 (Boucoiran et al, 2000). The pl of neutral
turnip POD has been found to be 7.2 (Duarte-Vazquez et al, 2001).

POD from ripening banana fruit is composed of at least twelve isoenzymes which
have isoelectric points ranging from approximately 3.3 up to 9.5 (Ory and Angelo,
1977). Major three isoenzymes of horseradish POD, have pl of 6.1, 6.9 and 8.9
(Wong, 1995). The pl values of the purified isoperoxidase from orange were 4.5,
5.2, and 9.0 (Clemente, 2002). Two POD isoenzymes were detected in strawberry
fruit; they were of the basic type isoelectric points 9.5-10.0 (Civello et al, 1995).
Isoperoxidase from scented-geranium callus have isoelectric points 9.1, 9.0, 8.6 (Lee
et al, 2001). Isoelectric points of four isoperoxidase of Brussel sprout are 3.5, 4.9,
9.5, 8.8 (Forsyth and Robinson 1998). The pl of broccoli was approximately 4, 5 and
8 for acidic, neutral and basic PODs, respectively (Thongsook and Barrett, 2005a),
while that of marula fruit was 5.7 (Mdluli, 2005).

1.3.2. Molecular Weight

The molecular weights of POD from various sources have been reported between
26-70 kDa. Some of the molecular masses reported are 42 kDa for peanut POD
(Chibbar and Huystee, 1984), 56 kDa for strawberry POD (Civello et al, 1995), 26—
48 kDa for brussel sprout POD (Forsyth and Robinson, 1998), 40-46 kDa for
horseradish POD (Paul and Stigbrand, 1970), 34 kDa for green asparagus POD
(Wang and Luh, 1983), 48 kDa for oil palm leaf and rice PODs (Ito et al, 1991;
Deepa and Arumughan, 2002) and 43 kDa for tomato POD (Jen et al, 1980). The
differences observed are attributed to post translational modifications of the
polypeptide chain including the number and composition of glycan chains present in

plant PODs (Van Huystee et al, 1992; Duarte-Vazquez et al, 2001).



1.3.3. Isoenzymes

The occurence of multiple forms of peroxidase was first found in horseradish roots.
This tissue contains several major isoenzyme forms, which are similar in molecular
weight and amino acid composition (Ory and Angelo, 1977). It was found that for
vegetables and fruits the various kinds of isoperoxidases including the anionic and
cationic types with low and high pl values respectively can be extracted as both

soluble and ionically bound forms (Forsyth and Robinson, 1998).

PODs exist in numerous isoenzymatic forms and are separated into anionic (acidic)
and cationic (basic) types according to their isoelectric points. Anionic PODs are
involved in the processes of lignification and suberinization. Nevertheless, cationic
PODs are also involved in the biosynthesis of lignin and suberin (Hatzilazarou et al,

2006).

There are at least eight distinguishable isoperoxidases in Korean radish, and six of
them were purified to near homogeneity. The physicochemical, catalytic and
immunological properties of Korean radish peroxidases showed that different
isoperoxidases might have different specificities toward physiological substrates in

vivo (Lee et al, 2001).

It has been reported that POD isoenzymes from various sources have different
molecular weights ranging from 30-60 kDa, e.g. eleven isoenzymes of orange POD
have molecular weights between 22-44 kDa (Clemente, 1998), the neutral and basic
broccoli PODs had molecular masses of 43 kDa, and the acidic peroxidase had a
molecular mass of 48 kDa (Thongsook and Barrett, 2005a) and two POD isoenzymes
were detected in strawberry fruit; they were of the basic type and had molecular

masses of 58.1 and 65.5 kDa (Civello et al, 1995).

1.3.4. Nonprotein Moeity

PODs are heme-containing enzymes that reduce H,O, to oxidize a wide variety of
organic and inorganic compounds. PODs have been classified as iron containing
peroxisases and flavoprotein peroxidases. The iron containing peroxidases are further

subgrouped into ferriprotoporphyrin peroxidases and verdoperoxidases.



The ferriprotoporphyrin group include peroxidases from higher plants (horseradish,
Japanese radish, turnip, fig sap), animals (tryptophan pryrolase, iodine peroxidase of
thyroid), and microorganisms (cyctochrome ¢ peroxidase of yeast). These peroxidase
all contain ferriprotoporphyrin III as a prosthetic group which can be removed from
the protein moeity on treatment with acidic acetone. The enzymes are brown in color

when highly purified due to the ferriprotoporphyrin III cofactor (Whitaker, 1993).

The verdoperoxidases are found in myelocytes (myeloperoxidase), milk
(lactoperoxidase), and in other tisses. The prosthetic group of these enzymes is an
iron porphyrin nucleus but is not ferriprotoporphyrin III. Highly purified
myeloperoxidase and lactoperoxidase are green because of their absorbance maxima

in the region 570 to 690 nm (as well as near 403 nm).

Flavoprotein peroxidases have been purified from several streptococci, including
Streptococcus faecalis, and from several animal tissues. The prosthetic group of these

peroxidases is FAD (Whitaker, 1993).

1.4. Catalytic Properties

There are four types of catalytic activity reported for PODs. These are the
peroxidatic, oxidatic, catalytic and hydroxylation reactions. POD catalyzes oxidatic
reactions (in which oxygen is the electron acceptor) as well as the classic peroxidatic
reactions (in which hydrogen peroxide is the electron acceptor) (Kay et al,1967;
Swedin and Theorell, 1940). The peroxidatic reaction, more generally thought to be
of most physiological significance, has been studied more extensively than other

three reactions.

Peroxidatic reactions occur in the presence of a wide variety of hydrogen donors,
including p-cresol, guaiacol, resorcinol, benzidine and o-dianisidine. Certain PODs
appear to have a greater affinity for specific hydrogen donors such as NADH,
glutathione or cytochrome C. One approach to elucidate hydrogen donors of
physiological importance is the use of affinity chromotography. The preferred
oxidant for peroxidatic reaction is hydrogen peroxide although other PODs are
effective substrates. In postharvest tissues the peroxidatic reaction of most obvious

importance at this time is lignification which can profoundly influence the



toughening of vegetables such as beans and asparagus. It has also been suggested
that the peroxidatic reaction functions to protect the cellular milieu from PODs
which may cause an imbalance in redox potential and damage membranes, enzymes,

etc.

In the absence of hydrogen donor, POD can convert hydrogen peroxide to water and
oxygen although this reaction is some 1000 times slower than the peroxidatic and
oxidatic reactions. Finally in the presence of certain hydrogen donors, such as
dihydroxyfumaric acid, and molecular oxygen, peroxidase can catalyze
hydroxylation of a variety of aromatic compounds notably tyrosine, phenylalanine,
p-cresol and benzoic acid. The metabolism of phenolic substances is a particular
importance to the quality of postharvest fruits and vegetables in that they may act as
effectors of hormone metabolism, intermediates in lignin biosynthesis and may result

in discoloration resulting from their enzymic or non-enzymic oxidation.

The oxidatic reaction requires the presence of molecular oxygen and a suitable
hydrogen donor. Examples of so-called redogenic hydrogen donors are indole - 3-
acetic acid (IAA), oxalacetic acid, ascorbic acid and hydroquinone. The IAA oxidase
function of peroxidase appears to be extremely important in postharvest fruit and
vegetables. There is also recent evidence that cytokinins are oxidized by POD. It may
also that the oxidatic function may contribute to deteriorative reactions such as
membrane lipid oxidation and oxidation of essential thiol groups. There is
considerable evidence that the enzyme which catalyzes the oxidatic degradation of

the plant growth hormone, indole-3- acetic acid, is a peroxidase (Ray, 1958).

1.4.1. Substrate Specificity
PODs are oxidizing enzymes that catalyze the oxidation of many substances. The
oxidation reaction proceeds with the aid of hydrogen peroxide that is ultimately

reduced to water (Sariri et al, 2006). This enzyme catalyses the following reaction:

ROOH+ AH, — A+ H,0+ROH

where A is a hydrogen donor (Go6giis and Fadiloglu, 2006). Some well known

peroxidase substrates (hydrogen donors) namely, catechin, vanillin, 0-dianisidine



(Lee et al, 2001; Leon et al, 2002; Clemente, 2002; Soysal and Séylemez, 2005;
Dogan et al, 2007;) , o-phenylenediamine (Lee et al, 2001; Sakharov et al, 2002;
Leon et al, 2002; Dogan et al, 2007), diaminobenzidine and tropolone (Ratcliffe et al,
1994), 2,2-azino-bis-3-ethylbenzothiazol-6-sulfonic acid (ABTS) (Rodrigo et al,
1996; Rani and Abraham, 2006; Serrano-Martinez et al, 2008), guaiacol (Thongsook
and Barrett, 2005a; Ghamsari et al, 2007; Jouili et al, 2008; Rudra et al, 2008),
catechol (Sakharov and Ardila, 1999; Troiani et al, 2003), and pyrogallol (Soysal and
Soylemez, 2005).

The substrates of POD can be conventionally divided into two groups by the rate of
their oxidation. The group of slowly oxidized substrates includes electron donors. In
particular, it includes substances with high functional activity in plants such as
NADH, indole-3-acetic acid (IAA), and ascorbic acid (AA). POD catalyzes oxidation
of indole-3-acetic acid both with and without hydrogen peroxide (Rogozhin and
Rogozhin, 2004).

On the other hand PODs can be categorized into two different groups. PODs which
oxidize guaiacol (o-methoxyphenol), as a commonly used reducing substrate in vitro,
are referred to as guaiacol peroxidases. They are located in cytosol, vacuole, cell
wall, apoplast and extracellular medium, but not in organelles and are assumed to be
involved in a range of processes related to plant growth and development. Ascorbate
peroxidases belong to another group of plant peroxidases that show preference for

ascorbic acid as reducing substrate (Ghamsari et al, 2007).

1.4.2. Optimum Temperature

Different enzyme sources show different optimum temperature values. Optimum
temperature of POD from various sources change in the range of 25-40°C. Vanilla
POD showed its maximum activity at 16°C (Marquez et al, 2008), grape POD at
40°C (Sciancalepore et al, 1985), strawberry POD at 30°C (Civello et al, 1995) and
sunflower POD at 40°C (Jouili et al, 2008).

1.4.3. Optimum pH
It is well known that the optimal conditions for catalysis by different PODs are not

identical. The various pH dependence of POD reactions have been reported for



different substrates (Sakharov et al, 2002). It was reported that, when guaiacol was

used as H donor, broccoli POD showed maximum activity at pH 4-5 for the acidic

POD and pH 6 for both the neutral and basic PODs. (Thongsook and Barrett, 2005a).

On the other hand, optimum pH values of peroxidases obtained from various sources

using different substrates show differences (Table 1.1)

Table 1.1. Optimum pH values of POD from various sources

Optimum pH
0_
0_
Phenylened Catechol | Guaiacol Ref.
Source ABTS dianisidine
iamine
Gray and
Corn step
34 5.2 5.2 - 3.7-5.2 | Montgomer
water
y, (2003)
Sweet Leon et al,
4.5 5.0 4.5 55 3.5-5.5
potato (2002)
Royal palm Sakharov,
3.0 5.0 5.2 5.0 5.5
tree (2001)
Oil palm Sakharov et
3.0 5.5 5.5 4.5 5.5
tree al, (2002)
Dogan,
Salvia A, 4.5 2.5 5.0 7.0 6.0
(2007)
) Dogan,
Salvia A; 4.0 2.5 6.0 6.0 7.0
(2007)
Dogan,
Salvia A3 3.5 2.5 6.0 7.0 7.0
(2007)

PODs purified from various sources have been reported to have their pH optima

mostly in the region of 4.5-6.5. The optimum pH for acidic turnip peroxidases was

reported to be between 5 and 5.5 with ABTS as H donor (Duarte-Vazquez et al,

2000). The POD isoenzyme from tomato juice was reported to have an optimum pH

of 5.5 with guaiacol as H donor (Jen et al, 1980). The optimum pH for strawberry

POD was found to be at pH 6 (Civello et al, 1995), and for potato sprouts and tubers




was 4-4.5, respectively (Boucoiran et al, 2000). Sakharov (2001) has reported that
the heme-peroxidase from palm tree leaves is stable over a broad pH-range,

maximum stability being found at pH 7.0.

It was found that the pH curve of Tartary buckwheat bran POD, exhibited a broader
stable range at pH 4.5 to 9.0 with guaiacal as substrate, its optimum pH at nearly 6.5
and it was stable against acidic and alkaline conditions (Zhang et al, 1999). Vanilla
POD had maximum activity at a pH of approximately 3.8 (Marquez et al, 2008). The
optimum pH for palm leaf POD is 5.0 (Deepa and Arumughan, 2002), for marula
fruit is 4.0 (Mdluli, 2005), and for peanut POD it is 3.6 (Ravindra and Van-Huystee,
1984). The POD isoenzymes from broccoli were reported to have an optimum pH of
6.0 for neutral peroxidase and 4.0 for acidic peroxidase (Thongsook and Barrett,

2005a).

1.4.4. Inhibitors and Activators

Inhibitors can diversely affect the rate of the reactions catalyzed by POD. The
cyanide, fluoride, and azide ions inhibit the catalytic activity of POD by formation of
stable complexes at the sixth coordination position of the heme iron, preventing the
reaction with H,O,. A series of organic compounds inhibit peroxidase by reacting
with its intermediates. Some of these compounds, such as ascorbic acid, NADH,
sugars, and thiourea, belong to slowly oxidized POD substrates that inhibit the
oxidation of o-dianisidine by tightly binding in the active site of the enzyme (Vallee

and Ulmer, 1972).

Some substances inactivate POD by chemically reacting with it. For example,
irreversible inactivating action of phenylhydrazine results from the modification of
functional groups of POD (presumably, a tryptophan residue) by freeradical products
of its noncatalytic and catalytic oxidation that are formed upon incubation with POD.
This leads to a change in the conformation of the enzyme active site, a partial
exhibition of the heme into solution, and its subsequent destruction. Thiourea is not
only a competitive reversible inhibitor of the POD oxidation of o-dianisidine but can

also modify the enzyme to cause its inactivation (Rogozhin et al, 2000).
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Inhibitory effect of some metal ions on POD activity was also reported. POD isolated
from Eupatorium odoratum, was found to be stable to metal ions like Hg2+, K, Ca*
where as slight decrease in enzyme activity was observed by Mg®", Zn*" and Mn*"

(Rani and Abraham, 2006).

It was found that some metal ions tested had a low inhibitory effect on vanilla bean
POD (Mg”", Cu*" and Ca®") while Fe*" and Hg*" had important peroxidase inhibitory
effect (Marquez et al, 2008).

Little is known about the effect of metal ions on plant POD activity (Marquez et al,
2008). It was reported that sodium was found to increase the activity of POD isolated
from Eupatorium odoratum in presence of Cl1 (Rani and Abraham, 2006). Guaiacol
or o-dianisidine oxidation rates were increased by CaCl, (Vianello et al, 1997).

Activation of POD by glucose and sucrose was observed (Nicoli et al, 1991).

1.4.5. Michaelis-Menten constant (Km)

POD from different sources have different kinetics. Also, each POD isoenzyme show
different reaction rate with different hydrogen donor. Green pea has three
1soenzymes. Guaiacol and pyrogallol were used as hydrogen donor and hydrogen
peroxide used as substrate for each isoenzyme. K, values for guaiacol as hydrogen
donor was found as 10.2, 10.8 and 10.2 mM and for hydrogen peroxide it was found
as 2.6, 7.2 and 4.3 mM for each isoenzyme. K, values for pyrogallol as hydrogen
donor was found as 4.2, 6.2 and 2.0 mM and for hydrogen peroxide peroxide it was

found as 2.6, 2.8 and 3.0 mM for each isoenzyme (Halpin et al, 1989).

Apparent K, values of carrot POD was reported as 1.4 mM for guaiacol, 7.7x 107
mM for o-dianisidine and 0.34 mM for pyrogallol (Soysal and S6ylemez, 2005). For
Vanilla bean peroxidase Km value was found as 3.8 mM for guaiacol (Marquez et
al, 2008). Km value of palm leaf peroxidase was found as 3.96 mM (Deepa and
Arumughan, 2002), spinach peroxidase as 1.66 mM (Chen and Asada, 1989) and pea
peroxidase as 0.04 mM (Mittler and Zilinskas, 1991).
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1.5. Inactivation of POD

1.5.1. Inactivation kinetics

Enzyme inactivation often follows first order kinetics; by the definition that a single
molecule undergoes a conformational change (Kuldiloke, 2002). If first order

kinetics can be assumed, the process is

EN—>E1

where Ey is the native or active enzyme, E; is the inactive enzyme, and k is the
specific rate constant for the inactivation process. Mathematically the decrease in

active enzyme becomes
-d[Ex]/dt = k[EN] or -dA/dt =kA
where A is enzyme activity, then integration gives
In([Ex]/[Eni]) = -kt or In(A/A;) = -kt
where Ey; is the initial native, active enzyme and A; is initial enzyme activity.

Thermal inactivation can also be described as using k value, where k represents the
inactivation rate constant (min™') and the temperature inactivation can be expressed

according to Arrhenius equation.
InA = -kt
In(k) = In(krer) -Ea/R (1/T -1/Trep)
where ks is the inactivation rate constant at reference temperature (min'l), Trer 1S
absolute reference temperature, E, is activation energy (J/mol), R is universal gas
constant (8.314 Jmol/K).
The relationship between decimal reduction time and the inactivation rate constant is

given by the equation:

D =2.303/k
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1.5.2. Thermal inactivation

POD is considered to be most heat stable enzyme in vegetables and is therefore used
as indicator of blanching efficiency. Thermal inactivation of POD depends on the
nature, thickness, and geometry of the vegetables, and the applied time-temperature
combination. Heating time can be significantly reduced if an individual quick
blanching process is followed. Kinetic inactivation behaviour of some vegetables

were explained by first order reaction kinetics (Table 1.2). The first order reaction

kinetics can adequately describe POD inactivation (Sun, 2005).

Tablel.2. Thermal inactivation kinetic models of POD for some vegetables

Temperature
Source Kinetic model References
range (°C)
Anthon and Barrett,
Potato 60-85 First order (2002)
Tomato 6672 First order Anthon et al, (2002)
Green beans 70-95 First order Bifani et al, (2002)
Anthon and Barrett,
60-85 First order (2002)
Carrot
Soysal and Soylemez,
35-75 Biphasic first order (2005)
Morales-Blancas et al,
Broccoli 70-95 Biphasic first order (2002)
_ . Morales-Blancas et al,
Asparagus 70-95 Biphasic first order
(2002)
Watercress 40-92.5 Biphasic first order Cruz et al, (2006)

The first-order kinetic model is based on the assumption that the disruption of a
single bond or structure is sufficient to inactivate the enzyme. The following
processes have been found to be involved in thermal denaturation of peroxidase: (i)

disassociation of the prosthetic group from the haloenzyme, (ii) a conformation
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change in the apoenzyme, and (iii) modification or degradation of the prosthetic
group. The first order kinetic model is based on the assumption of that the disruption
of a single bond or structure is sufficient to inactivate the enzyme (Shalini et al,
2008). Biphasic first order model was based on the presence of two isoenzyme
groups with distinct thermal stabilities, heat labile fraction that inactivates rapidly
and a heat resistant fraction which can not be inactivated in shorter times (Weng et
al, 1991). Lencki et al, (1992) inferred that when an apparent first-order behavior is
observed during inactivation of the enzyme, the rate at which one of the phenomena
happens determines the rate of inactivation and, when the rates of several of the
phenomena involved are similar, non-linearity in the inactivation process results. The
concept that thermal inactivation curves are the cumulative form of the chronological
distribution of degradation events has been substantiated by several researchers.
These, in turn, represent the spectrum of resistances to thermal inactivation within
the enzymes. Regardless of the specific biophysical mechanisms that actually cause
inactivation of enzymes, thermal residual activity curve indicates the total destructive

effect of heat on the affected enzyme (Shalini et al, 2008).

Blanching is the common term used to describe heat inactivation of enzymes
naturally present in the vegetables and always involves short time heating for periods
of 2-3 min at temperatures between 70°C and 100°C. However, for such short time
periods the relationship between blanching time at selected temperatures and residual
POD activity shows non-linear kinetics (Robinson et al, 1989; Khan and Robinson,

1993).

Forsyth et al (1999) were reported that for many of the short time-heat treatments,
non-linear curves consisting of approximately three phases: first an initial steep
nearly straight line for a relatively short period, an intermediate curved portion and
finally a shallow almost straight line for the third phase. Several mechanisms have
been proposed to explain the observed deviation from linear first order kinetics.
Frequently the presence of a mixture of thermostable and heat-labile isoperoxidases
has been suggested to account for the non-linear heat inactivation plots observed in
crude samples. In many instances it is highly probable that mixtures of heat-resistant
and heat-labile isoenzymes were present and responsible for the deviation from first

order kinetics as described typically by Ling and Lund (1978).
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It has been suggested that the heat-inactivation process may involve the formation of
thermostable aggregates (Lopez et al, 1994) or the process may follow series type
inactivation kinetics with the formation of partially inactivated intermediates (Henley
and Sadana, 1985). As an enzyme is a complex molecule with a three dimensional
structure, heat-inactivation may well not follow first order kinet ics. For peroxidases,
which also contain a haem substituent, it seems even more likely that different types
of intrinsic conformational and chemical changes will continually take place during
the early stages of heat inactivation. Tamura and Morita (1975) first suggested the
loss of haem to form an apo-peroxidase. It has shown that haem fragments were
formed during inactivation of a commercial preparation of horseradish POD and that
non-linear kinetics of heat inactivation of horseradish peroxidase may be due to

recovery and regeneration of peroxidase activity at acidic pH values (Adams, 1997a).

1.5.3.Inactivation by Ultrasonic

1.5.3.1. Ultrasonic science

Systematic studies of physical, chemical, and biological effects produced by
ultrasound began in early 1900s. In 1917, Lord Raleigh developed a mathematical
model for cavitation bubble collapse while investigating the problem of high-speed
propeller erosion (Alliger,1975). Also in 1917, Langevin discovered that sound rays
killed fish while studying sonar for antisubmarine warfare. The late 1920s was also
an important time in ultrasound research with potential application in the food
industry, with a number of important ultrasound effects identified (Nyborg, 2000;
Nyborg, 2001).

Sound is nothing more than waves of compression and expansion passing through
gases, liquids or solids. Human can sense these waves directly through our ears if
they have frequencies from about Hertz to 16 kHz (the Hertz unit is cycles of
compression or expansion per second; kiloHertz, abbreviated kHz, is thousands of
cycles per second). These frequencies are similar to low frequency radio waves, but
sound is intrinsically different from radio or other electromagnetic radiation. For
example, electromagnetic radiation (radio waves, infrared, visible light, ultraviolet,

X-rays, gamma rays) can pass through a vacuum without difficulty; on the other
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hand, sound cannot because the compression and expansion waves of sound must be

contained in some form of matter (Suslick, 1994).

Ultrasound is a form of energy generated by sound (really pressure) waves of
frequencies that are too high to be detected by human ear, i.e. above 16 kHz
(Jayasooriya et al, 2004). Ultrasound when propagated through a biological structure,
induces compressions and depressions of the medium particles and a high amount of
energy can be imparted. In dependence of the frequency used and the sound wave
amplitude applied a number of physical, chemical and biochemical effects can be

observed which enables a variety of applications (Got et al, 1999; Knorr et al, 2004).

In the food industry, a division into two distinct categories of ultrasound applications
is done. For the classification of ultrasound applications the energy amount of the
generated sound field, characterised by sound power (W), sound intensity (W/m?) or
sound energy density (Ws/m®), is the most important criterion. Low energy (low
power, low-intensity) ultrasound applications involve the use of frequencies higher
than 100 kHz at intensities below 1 W/cm?®. Low intensity ultrasound uses a so small
power level that the ultrasonic waves cause no physical or chemical alterations in the
properties of the material through which the wave passes, that is it is generally
nondestructive. They are successfully used for noninvasive monitoring of food
processes. The most widespread application of low intensity ultrasound in the food
industry is as an analytical technique for providing information about the
physicochemical properties of foods, such as composition, structure and physical

state (McClements, 1995; Fellows, 2000; Jayasooriya et al, 2004; Knorr et al, 2004).

The other group is high energy (high power, high-intensity) ultrasound which uses
intensities higher than 1 W/cm® (typically in the range 10-1000 W/cm™) at
frequencies between 18 and 100 kHz. Physical, mechanical or chemical effects of
ultrasonic waves at this range are capable of altering material properties (e.g.
physical disruption, acceleration of certain chemical reactions). High-intensity
ultrasound has been used for many years to generate emulsions, disrupt cells and
disperse aggregated materials. More recently various areas have been identified with
greater potential for future development, e.g. modification and control of

crystallization processes, degassing of liquid foods, enzymes inactivation, enhanced
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drying and filtration and the induction of oxidation reactions. The beneficial use of
the sound energy is realized through the various effects the ultrasound generates

upon the medium where it transmits (Dolatowski et al, 2007).

Ultrasound has advantages over other traditional analytical techniques because
measurements are rapid, non-destructive, precise, fully automated and might be
performed either in a laboratory or on line. One of the most widespread and most
promising ultrasonic applications is the utilization of ultrasound for composition

measurement (Simal et al, 2003).

1.5.3.2. Mechanisms and effect

As ultrasound passes through a liquid, the expansion cycles exert negative pressure
on the liquid, pulling the molecules away from one another. If the ultrasound is
sufficiently intense, the expansion cycle can create cavities in the liquid. Once
formed, small gas bubbles irradiated with ultrasound will absorb energy from the
sound waves and grow. Cavity growth depends on the intensity of the sound. At high

intensities, a small cavity may grow rapidly through inertial effects.

At lower acoustic intensities cavity growth can also occur by a slower process called
rectified diffusion (Figure 1.1). Under these conditions a cavity will oscillate in size
over many expansion and compression cycles. The growing cavity can eventually
reach a critical size where it can efficiently absorb energy from the ultrasonic
irradiation. Called the resonant size, this critical size depends on the liquid and the
frequency of sound; at 20 kHz, for example, it is roughly 170 micrometers. At this
point the cavity can grow rapidly during a single cycle of sound. Once the cavity has
overgrown, either at high or low sonic intensities, it can no longer absorb energy as
efficiently. Without the energy input the cavity can no longer sustain itself. The
surrounding liquid rushes in, and the cavity implodes. It is the implosion of the

cavity that creates an unusual environment for chemical reactions (Suslick, 1994).

The ability of ultrasound to cause cavitation depends on ultrasound characteristics
(e.g. frequency, intensity), product properties (e.g. viscosity, surface tension) and
ambient conditions (e.g. temperature, pressure). The ultrasound intensity required to

cause cavitation increases markedly above about 100 kHz (Dolatowski et al, 2007).
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Figure 1.1. Motions of bubbles during cavitation

The inactivation effect of ultrasound is attributable mainly to a phenomenon called
cavitation. Cavitation refers to the formation, growth, and implosion of tiny gas
bubbles or cavities in a liquid when ultrasound travels through it. Extreme physical
phenomena (1000 K and 500MPa) at micro-scale take place when the bubbles
collapse, and these phenomena are considered to be the cause of enzyme
inactivation. The stable cavitating bubbles interacting with the acoustic field generate
strong micro-streaming and high shear, which also contribute to the observed

enzyme inactivation (Raviyan et al, 2005).

Compression of a gas generates heat. This localized temperature increase by
ultrasound treatment is difficult to measure and an overall increase of temperature is
observed during treatment, which depends on the nature of the medium and the total

energy input of ultrasound treatment (Susclik, 1994).

1.5.3.3 Application types of sonication
Ultrasonication (US) is operated at low temperature. Therefore, a product with heat
sensible components can be treated. However, the treatment time is actually long

during the inactivation of enzymes and/or microorganisms, which may cause high
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energy requirement. Normally, this treatment will need to be combined techniques to

optimize the process.

Thermosonication (TS) is a combined method of ultrasound and heat. The product is
subjected to ultrasound and moderate heat simultaneously. This method produce a
greater effect on enzyme inactivation than heat alone. Heat combined with
ultrasound reduces process temperatures and processing times, for pasteurization or
sterilization processes that achieve the same lethality values as with conventional

processes (Mason et al, 1996; Villamiel et al, 1999).

Manosonication (MS) is a combined method in which ultrasound and pressure are
applied. MS provides to inactivate enzymes and/or microorganisms by combining

ultrasound with moderate pressure 100-300 kPa at low temperatures.

Manothermosonication (MTS) is a combined method in which heat and ultrasound
under pressure are applied. The ultrasound generates the cavitation or bubble
implosion in the media. This implosion can cause inactivation of enzyme and
destruction of microorganisms. The simultaneous pressure treatment maximizes the
intensity of the explosion, which increase the level of inactivation. MTS treatments
allow to inactivate several enzymes at lower temperatures and/or in a shorter time

than thermal treatments at the same temperatures (Vercet et al, 2001).

1.5.3.4. Application of ultrasound on enzyme inactivation

Enzyme inactivation is a requisite for stabilisation of some food materials. Although
it can be easily achieved by heat treatment, there are some cases where the high heat
resistance of some enzymes makes heat treatments not a solution of the problem but
a problem by itself, because heat can negatively modify some food properties such as
flavour, colour or nutritional value. This is the driving force for the increased interest
in alternative methods of enzyme inactivation. One such alternative method is

ultrasound, i.e. sonic waves above 20 kHz (Vercet et al, 2000).

Enzyme inactivation by ultrasound depends on the conditions of the treatment as
well as on the nature of the enzyme. MTS treatment has an increased effectiveness of

enzyme inactivation compared with ultrasound alone (Earnshaw et al, 1995). The
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effect of MTS on lipoxygenase, peroxidase, and polyphenoloxidase, as well as heat-
resistant lipase from Pseudomonas fluorescens, within the temperature range of 110-
140°C MTS inactivated the enzyme more effectively than the heat treatment alone
(Vercet et al, 1997). MTS at 650 kPa and 140°C reduce the level of protease activity
to 6% and lipase to 7% when compared to activity levels obtained when employing
thermal treatment alone. However, the effective improvement achieved using this
combined treatment decreased as the treatment temperature increased. MTS could be
useful to inactivate those enzymes within food materials that do not require such high

temperatures for preservation (Zeuthen and Sorensen, 2003).

Ultrasound increases the effectiveness of heat inactivation of enzymes and has been
demonstrated in enzymes derived from plants soybean lipoxygenase (Lopez et al,
1994), horseradish peroxidase (Lopez et al, 1994; Lopez and Burgos, 1995; De
Gennaro et al, 1999), watercress peroxidase (Cruz et al, 2006), mushroom
polyphenol oxidase (Lopez et al, 1994), orange pectinmethylesterase (Vercet et al,
1999), tomato pectinmethylesterase, and polygalacturonase (Vercet et al, 2002b),
animal tissues (porcine heart malate dehyrogenase) (Ozbek and Ulgen, 2000),
microorganisms (Pseudomonas fluorescens lipase and protease) (Vercet et al, 2001),
alcohol dehydrogenase and glucose-6-phosphate dehyrogenase from baker’s yeast
(Ozbek and Ulgen, 2000), B-galactosidase from Escherichia coli (Ozbek and Ulgen,
2000), and milk (bovine lactoperoxidase and alkaline phosphatase (Ertugay et al,
2003), alkaline phosphatase, y-glutamyltranspeptidase and lactoperoxidase (Villamiel
and Jong, 2000).

The ultrasound stability of individual proteins varies between the enzymes (Lopez et
al, 1994; Ozbek and Ulgen, 2000; Vercet et al, 2001; Vercet et al, 2002b) and also
depends on ultrasound treatment conditions (Raviyan et al, 2005), the composition of
treatment medium, treatment pH, and whether they are bound (e.g., membrane-bound
proteins) or free (e.g., cytoplasmic proteins). Enzyme inactivation generally increases
with increasing ultrasound power, ultrasound freqency, exposure time, amplitude
level, cavitation intensity, processing temperature and processing pressure, but
decreases as the volume being treated increases (Ozbek and Ulgen, 2000; Vercet et

al, 2001; Vercet et al, 2002a; Raviyan et al, 2005).
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A combined heat and ultrasound treatment can produce a markedly greater effect on
enzyme inactivation than heat alone. Orange pectinmethylesterase in orange juice
was inactivated relatively slow by heat alone (72°C, D value of 500 min) while the
combined heat and ultrasound treatment (72°C, 20 kHz, 117 pum, 350 kPa) gave a
much lower D value (1.2 min) (Vercet et al, 1999). Ultrasound was also effective at a
temperature (38°C) where thermal inactivation is nonsignificant, giving a
pectinmethylesterase in orange juice, D value of 11 minute. The rate of inactivation
of tomato pectinmethylesterase was also greatly increased by a combination heat and
ultrasound, with increasing cavitation intensity dramatically increasing the rate of
inactivation (Raviyan et al, 2005). Smilarly for Pseudomonas fluorescens heat
resistant lipase, a combined ultrasound and thermal treatment reduced lipase D
values by 25 to 86 and protese D values by 15 to 67 compared to the heat only

treatment at the same temperature (Vercet et al, 2002b) .

In 1994 a research group headed by Burgos initiated the study of the application of
MTS to model enzymes releavent to the food industry (peroxidase, lipoxygenase and
polyphenoloxidase) in model buffer systems. MTS treatments proved to be much
more efficient than heat treatment for inactivating these enzymes, especially those

which are more thermally labile (lipoxygenase and polyphenoloxidase) (Sun, 2005).

Pectic enzymes of tomatoes, pectic methylestearase and the two
endopolygalacturonase isozymes are also inactivated by MTS treatments with much
higher efficiency, both in model systems (Lopez et al, 1998) and in tomato juice
(Vercet et al, 2002a). General trends arose from all these enzyme inactivation
studies; thermobile enzymes are more sensitive to ultrasound than those which are

heat resistant (Sun, 2005).

The use of ultrasound at ambient pressure has also been successfully used to
inactivate food relevant enzymes. Peroxidase was inactivated by combinations of
heat and ultrasound at neutral (Gennaro et al, 1999) or low pH (Yoon-Ku et al, 2000)
and lipoxygenase has been shown to be inactivated at low sonication intensities

(Thakur and Nelson, 1997).
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1.5.4. Effect of POD in food processing

POD is a ubiquitous enzyme in plant cells. It is related to food quality in processing,
and can contribute to adverse changes in the flavor and color of both raw fruits and
processed products. Miesle et al (1991) pointed out that POD promotes lipid
oxidation with consequent off-flavor formation. In fact, phenolic oxidation mediated
by POD is believed to be associated with deterioration in flavor, color, texture and

nutritional qualities of processed foods (Fang et al, 2008).

PODs have a broad substrate specificity towards different H-donors, including
phenols, aromatic amines (Burnette, 1977), anthocyanins, lignin and vitamin C. The
enzyme's involvement in such a range of reactions has led to POD being implicated
in several development and postharvest changes in plant tissues (Haard, 1977); but
this has also made its physiological role in living plants and its deleterious action on
food quality difficult to assign precisely. A relationship with off-flavour in peas was
claimed by Wagenknecht and Lee (1958) and Pinsent (1962). Wagenknecht and Lee
(1958) also found that off-flavour developed when preparations of horseradish PODs
were added to pea slurries. PODs have also been implicated in loss of colour and
changes in texture, e.g. toughening of asparagus tips due to lignification (Haard,
1977). Bruemmer et al (1976) found a negative correlation between POD activity and

flavour scores for orange juices.

POD is the most thermally stable enzyme in vegetable systems and for this reason, it
is usually used as an index of blanching effectiveness. Heating for complete
inactivation of POD is more than adequate to destroy the enzymes responsible for
quality loss and often leads to overblanching. Therefore, the quality of the blanched
products may be better if there is some activity of POD left at the end of the
blanching (Agiiero et al, 2008).

It catalyses a reaction in which hydrogen peroxide acts as the acceptor and another
compound acts as the donor of hydrogen atoms. It is involved in enzymatic browning
since diphenols may function as reducing substrates in this reaction. The
involvement of POD in browning is limited by the availability of electron acceptor
compounds such us superoxide radicals, hydrogen peroxide and lipid peroxides

(Serrano-Martinez et al, 2008).
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This enzyme is of great interest in food technology because of its influence on the
quality of raw and processed fruits and vegetables. In the presence of peroxide, POD
produces phytotoxic free radicals which react with a wide range of organic
compounds (ascorbic acid, carotenoids and fatty acids), leading to losses in the
colour, flavour and nutritional value of raw and processed foods (Serrano-Martinez

et al, 2008).

It has generally been observed that POD is quite stable to adverse conditions
encountered during food processing such as elevated temperatures, freezing, ionizing
radiation, dehydration and even when inactivated by such treatments is capable of re-
naturation. Regenaration of POD activity can posses a serious limitations to a food
processing operation. For example, fruit and vegetables subjected to high
temperature and short time treatments (HTST) are particularly prone to POD
regeneration and associated quality change during storage. Regeneration of POD
occurs within hours or days following thermal processing and may occur even after
several months in frozen fruits and vegetables. The resistance of POD to thermal
inactivation, together with ubiquity and direct involment in deterioration of food
quality, has lead to the wide use of POD activity as an index of processing efficiency

by blanching and other heat treatments (Ory and Angelo, 1977).

1.5.5. Effect of heat and ultrasound on vitamin C and microorganisms

In the food industry, eliminating harmful microorganisms and inactivating enzymes
are important for food quality and also for public health. That is the reason why heat
treatment is the most utilized method for stabilizing foods because of its capacity to
destroy microorganisms and also inactivating enzymes. Heat can alter the
organoleptic properties of foods and diminish the contents or bioavailability of some

nutrients (Ulusoy et al, 2007).

In recent years, the food industry has discovered that ultrasonic waves have a wide
variety of applications in the processing and evaluation of products. From grading
beef to sterilization, ultrasound has a number of applications in an increasing number
of areas in the food industry. In combination with heat, it can accelerate the rate of
sterilization of foods, thus lessening both the duration and intensity of thermal

treatment and the resultant damage. (Piyasena et al, 2003).
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In modern food technology, the trend is to maximize the nutrients retention in both
processing and storage. It is generally observed that, if ascorbic acid is well retained,
the other nutrients are also well retained. Hence, ascorbic acid is usually considered
as an index of nutrient quality during processing and storage of foods (Nicoleti et al,

2004).

Vitamin C is instable thermic and therefore in fruit and vegetables it provides an
indication of the loss of other vitamins and acts as a valid criterion for other sensorial
or nutritional components, such as natural pigments and aromatic substances. Its
concentration decreases during storage, depending on storage conditions, such as

temperature, oxygen content and lights (Matei et al, 2009).

The rate of vitamin C destruction is increased by the action of metals, especially
copper and iron, and enzymes. Availability of oxygen, prolonged heating in the
presence of oxygen and exposure to light are all harmful factors to vitamin C content
of foods (Deman, 1990). When oxygen is present, the contribution of the anaerobic
degradation to the total vitamin C loss is small or not noticeable, compared to the
aerobic degradation which has a much higher degradation rate (Villota and Hawkes,
1992). Some studies have been reported on the degradation of vitamin C in thermally
processed fruits and vegetables like grapefruit juice (Saguy et al, 1978), orange juice
(Johnson et al, 1995), lime, lemon, grapefruit and tangerine (Alvarado and Viteri,
1989), cupuacu nectar (Vieira et al, 2000) tomatoes (Dewanto et al, 2002), green
asparagus (Esteve et al, 1999), amla (Nisha et al, 2004), drumstick (Bineesh et al,
2005) and strawberry products (Castro et al, 2004).

Investigation of ultrasound as a potential microbial inactivation method began in the
1960s, after it was discovered that the sound waves used in anti-submarine warfare
killed fish (Earnshaw et al, 1995). The mechanism of microbial killing is mainly due
to thinning of cell membranes and production of heating (Butz and Tauscher, 2002;
Fellows, 2000). During the sonication process, waves are created when a sonic wave
meets a liquid medium, thereby creating regions of alternating compression and
expansion (Sala et al, 1995). These regions of pressure change cause cavitation to
occur, and gas bubbles are formed in the medium. These bubbles have a larger

surface area during the expansion cycle, which increases the diffusion of gas, causing
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the bubble to expand. A point is reached where the ultrasonic energy provided is not
sufficient to retain the vapour phase in the bubble; therefore, rapid condensation
occurs. The condensed molecules collide violently, creating shock waves. These
shock waves create regions of very high temperature and pressure. The pressure
changes resulting from these implosions are the main bactericidal effect in
ultrasound. The hot zones can kill some bacteria, but they are very localized and do

not affect a large enough area.

1.5.6. Tomato

The tomato is a member of the Solanaceae family. Botanically, it is a berry fruit, but
it is cultivated and used as a vegetable. It is a tender, warmseason perennial.
Nutritionally, the tomato is a good source of vitamin A and C. Composition data
varies due to the wide range of species, stage of ripeness, year of growth, climatic
conditions, light, temperature, soil, fertilization, irrigation, and other conditions of

cultivation, and handling and storage (Yilmaz, 2001).

Tomato is one of the main vegetables consumed fresh in the world. However, tomato
fruit is still mainly used as raw material for industrial processing. For example, in the
USA, more than 80 % of the tomato annual consumption is consumed in the form of
processed products (juices, purees or pastes). For these reasons, the optimum
blanching conditions should have specific inactivation of the deleterious enzymes

and minimization of quality losses (Wang et al, 2008).

Wild tomato plants are still found from Ecuatorto Chile, as well as on the Galapacos
Island, although only two have edible fruit: Lycopersicon esculentum (the commen
tomato in wide used today) and Lycopersicon pimpielliform (sometimes cultivated
under the name currant tomato). A small fruited type Lycopersicon esculentum var.
cerasiforme, cultivated under the name cherry tomato, is widely distributed as a

wield plant in the tropics and subtropics (Jones, 2007).

Types of tomatoes based on plant characteristics :

(a) Midget, patio, or dwarf tomato varieties have very compact vines best grown in

hanging baskets or other containers. The tomatoes produced may be, but are not
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necessarily, the cherry type (1 inch diameter or less). Some produce larger fruit.
These plants are usually short-lived, producing their crop quickly and for a short

period.

(b) Compact or determinate tomato plants refers to the plant habit of growing to a
certain size, setting fruit, and then declining. Most of the early ripening tomato

varieties are determinate.

(c) Indeterminate tomato plants are the opposite of the determinate types. The vines
continue to grow until frost or disease kills them. These are the standard, all-summer
tomatoes that most people like to grow. They require support of some kind for best
results, since otherwise the fruit would be in contact with the soil, thus susceptible to

rot.

Types of tomatoes based on fruit characteristics

(a) Cherry tomatoes have small, cherry-sized (or a little larger) fruits often used in
salads. Plants of cherry tomatoes range from dwarf (Tiny Tim) to sevenfooters
(Sweet 100). One standard cherry tomato plant is usually sufficient for a family,

since they generally produce abundantly.

(b) Beefsteak type tomatoes are large-fruited types, producing a tomato slice that
easily covers a sandwich, the whole fruit weighing as much as two pounds or more.
These are usually late to ripen, so plant some standard-sized or early tomatoes for

longest harvest.

(c) Paste tomatoes have pear-shaped fruits with very meaty interiors and few seeds.
They are less juicy than standard tomatoes and are without a sizeable central core.
Paste tomatoes are a favorite for canning since they don’t have to be cut up and since

they are so meaty.

(d) Color of tomatoes include orange, yellow, pink, or striped, and often the only
way to get a specific one is by growing your own. Most are heritage varieties
obtained through seed-saver groups. Tests have shown that there is no relationship

between color and acidity of tomatoes.
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(e) Winter storage tomatoes are a relatively new item for gardeners. The plants are

set out later in the season than most tomatoes and fruit are harvested partially ripe. If
properly stored, they will stay fresh for twelve weeks or more. While the flavor does
not equal that of summer vine-ripened tomatoes, many people prefer them to grocery

store tomatoes in winter (Relf et al, 2004).

1.6. Aim of the thesis
POD is one of the most heat stable and widely distributed enzymes in the plant
kingdom. Active PODs are known to alter food flavor, color, texture and nutritional

qualities of raw and processed foods (Svensson et al, 1977).

Application of heat treatment is the most utilized method for stabilising foods,
because of its capacity to destroy microorganisms and inactivate enzymes. However,
since heat can impair, as well, many organoleptic properties of foods and reduce the
contents or bioavailability of some nutrients (Lopez et al, 1994). This is the driving
force for the increased interest in alternative methods of enzyme inactivation. One
such alternative method is ultrasound, i.e. sonic waves above 20 kHz (Suslick, 1990).
The advantages of ultrasound over heat treatment include: Minimization of flavor

loss, greater homogenity and significant energy savings (Earnshaw et al, 1995).

The aim of this thesis was to inactivate tomato POD with heat and ultrasound
treatments and to determine kinetic properties of tomato POD by using guiacol and
o-dianisidine as hydrogen donors. Effects of ultrasound and heat treatments on

microorganisms and vitamin C were studied.
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CHAPTER IT
MATERIALS AND METHODS

2.1. Materials

Ripe, fresh tomatoes were supplied from commercial markets. o-dianisidine,
guaiacol and hydrogen peroxide were obtained from Sigma Chemical Company,
(USA). The stock solution of o-dianisidine was prepared freshly in 100% methanol
and solutions of other reagents, guaiacol and hydrogen peroxide were prepared using
distilled water. The common reagents used were all reagent grade (Merck or Riedel

de Haen).

2.2. Methods

2.2.1. Composition of tomato

2.2.1.1. Total moisture

Moisture content of tomato was determined by both oven and infrared dryer. It was
determined according to AACC Approved Methods, 1995. For oven method, tomato
was heated at 105 °C for 3.5 hours and for infrared dryer at 105 °C for 30 minute.

2.2.1.2. Total sugar

Sugar content was determined by using phenol-sulfuric acid method (Dubois et al,
1956). 10 gram of tomato was hydrolysed in 450 ml of 6 N HCI solution at 98°C for
8 hours. Then, it was filtered by using Whatman 40 filter paper. Obtained
hydrolysate was used for determination of the total sugar content of tomato. 2
mg/mL glucose was used as the stock solution and dilutions in the range of 10 to 50
mg/mL were prepared and used as the standard. Then, 0.1 mL of 80% (w/v) phenol
was added to each of samples. After the addition of 5 mL of 96% sulfuric acid
rapidly, it was waited for 10 minute. After waiting, tubes were shaked and placed in
water bath (25-30°C) for 20 min. The absorbance of obtained orange-yellow color of

Total sugar content of tomato was determined as glucose by using calibration curve.



2.2.1.3. Ash content
Ash content of tomato was determined in Niive MF 120 type oven (according to
AACC Approved Methods, 1995). Defined amounts of blended tomato was ignited

at 550°C for 4 hours. Ash content was calculated from the remaining sample.

2.2.1.4. Protein content

Protein content of tomato was determined by Kjeldahl method (AOAC, 1990) with
digestion, distillation and titration steps. For digestion: 10 gr potassium sulfate, one
spatule of copper sulfate and boiling chips were added to digestion tube that contain
10 gr of blended tomato sample and heated until digestion was completed. Clear light
green color indicated the end of the digestion. For distillation: 50 mL water, 50 mL
of 50% sodium hydroxide and steam was used in instrument and distillate was
obtained into erlenmayer flask which has 25 mL of 4% boric acid. For titration:
methyl red was dropped as an indicator and the samples were titrated by 0.1 N
hydrochloric acid. Obtained volume from titration was used for the determination of
amount of N-NH4 and protein content was obteined by multiplying this value by

6.25.

2.2.1.5. Vitamin C content

Indephenol titration method was used for the determination of vitamin C content of
tomato extract (Egan et al, 1981). In this method ascorbic acid was determined by
titration with the dye 2,6-dichlorophenolindophenol (DCP) which is reduced by the

ascorbic acid to a colourless form. Reagents:

Acid solution: 2 gr of metaphosphoric acid (HPO3) was dissolved with distilled water
at 60 °C . Next, it was cooled to room temperature and 8 mL glacial acetic acid was
added and volume was completed to 100 mL with distilled water. The soluion was

kept in refrigerator and used within 7-10 days.

Dye solution: 250 mg 2,6-dichlorophenolindophenol sodium salt was dissolved in
water at 60°C and made up to 500 mL. The solution was coolled to room temperature
then stored at refrigerator. Dye solution must be protected from air and light and

filtered before use.
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Standard ascorbic acid solution: 100 mg ascorbic acid was dissolved in 10 mL acid

solution and then volume of the solution was completed to 100 mL with distilled

water. Solution was prepared daily.

For the standardization of dye solution; 10 mL ascorbic acid solution was mixed with
10 mL acid solution and titrated with dye solution until pink colour was observed for
at least 5 second. Then dye titer was calculated in terms of mg ascorbic acid per mL

dye solution.

For determination of vitamin C in tomato extract; 10 mL tomato extract was mixed
with 10 mL acid solution and titrated with dye solution. Obtained titer volume and

dye titer were used for the calculation of ascorbic acid content in tomato.

2.2.2. Extraction of tomato POD

Tomatoes were washed and cut into small pieces and blended in Waring blender at
high speed for 30 sec with 20% (w/v) water addition at 4°C . The slurry was filtered
through two layers of cheese cloth and the filtrate was centrifuged for 10 min at
11000 rpm in an Eppendorf model 5810 R centrifuge at 15°C (Hemeda and Klein,
1990). The supernatant was kept frozen approximately at -20°C and used as the

enzyme source.

2.2.3. POD assay and Kinetics

POD activity of tomato was measured using guaiacol and o-dianisidine as hydrogen
donors. All analysis were done at least in dublicate. The changes in absorbance were
read by using PerkinElmer Lambda 25 UV-VIS spectrophotometer at 25°C. The
wavelengths of 470 nm for guaiacol and 460 nm for o-dianisidine were used for
activity measurements. Kinetic parameters such as K, and Vy,.x were determined

using Lineweaver-Burk plot.

2.2.4. POD assay and Kkinetics by guaiacol

POD activity was determined spectrophotometrically as the change in absorbance at
470 nm. The reaction mixture contained 1.6 mL of 0.01 M KP buffer (pH 6.5)
containing 1 mL 1.0% (v/v) guaiacol; 0.3 mL of 0.1% (v/v) H,O; and 0.1 mL
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enzyme extract (Cruz et al, 2006; Sakharov and Ardila, 1999). For the determination
of kinetic parameters, HO, concentrations from 0.0987 mM to 9.78 mM were used

at 75.4 mM guaiacol concentrations.

2.2.5. POD assay and Kkinetics by o- dianisidine

POD activity was determined spectrophotometrically at 460 nm as described by
Robinson et al, (1989). The reaction mixture consisted of 2.7 mL of 0.01 M acetate
buffer (pH 5.0); 0.1 mL of 0.1% (v/v) H2O3, 0.1 mL of 0.05% (w/v) o- dianisidine in
methanol and 0.1 mL enzyme extract (Shalini et al, 2008). For the determination of
kinetic parameters, H,O, concentrations from 0.0653 mM to 1.956 mM were used at

6.8 x 10 mM guaiacol concentrations.

2.2.6. Inactivation of tomato POD

2.2.6.1. Thermal treatment

Thermal treatment of tomato POD was performed at varying temperatures in the
range 63, 64, 65, 66 and 67°C with exposure times 2, 4, 6, 8, 10, 12, 15, 20 and 25
min. Crude extract (1.5 mL) in test tubes were heated in the water bath at defined
temperatures and samples were removed at different time intervals and rapidly
cooled in ice-bath to stop thermal inactivation instantaneously. Enzyme activity was

determined with o-dianisidine as hydrogen donor.

2.2.6.2. Ultrasound treatment

The ultrasonication experiments were carried out at 23 kHz on a Soniprep 150
Ultrasonic Disintegrator equipped with a horn of 9.5 mm diameter. The tip of the
horn was immersed about 1 cm into 10 ml solution to be processed. The solution was
processed with the sonication horn for 20-150 s and amplitude level changed
between 3-15 um. Throughout this study these levels were mentioned as ultrasonic
power. Amplitude level of 3 um corresponded to 15% ultrasonic power, and
amplitude levels of 5, 8, 10 and 15 pum corresponded to 25, 40, 50 and 75%
ultrasonic powers, respectively. The temperature inside the solutions was checked
before and after the process. Samples were removed at different time intervals and
rapidly cooled in ice-bath. Enzyme activity was determined with o-dianisidine as

hydrogen donor.
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2.2.7. Regeneration of tomato POD

Tomato extract was treated with ultrasound and regeneration of POD activity was
determined. Enzyme extract was processed with the sonication horn amplitude level
between 3-15 pum for 20-150 seconds and then enzyme activity was determined with
o-dianisidine as hydrogen donor. Samples were stored at 4°C and residual enzyme
activity was measured daily. Peroxidase activity was expressed as percent of residual

activity.

2.2.8. Microbial analysis
Total bacteria and mold-yeast counts were made for ultrasound treated, heat treated
and untreated tomato extract. Aerobic plate count (PCA) for total bacteria and potato

dextrose agar ( PDA) for mold yeast count was used for analysis (Jay, 1986).

A 0.2 ml of sample was transferred into corresponding labelled plate and spread
plated over the agar surface. Inoculated PCA plates were incubated at 37°C at 24
hours. Inoculated PDA plates were incubated at 25°C for 2 to 5 days. After
incubation, number of colony forming units were counted and expressed as number

of microorganisms per gram of tomato extract.

2.2.9. Statistical analysis
SPSS 8.0 software for Window was used to perform statistical anaysis.
Experimental results were subjected to two way analysis of variance
(ANOVA). A level of significance of P<0.05 is used throughout the
analysis. Duncan's multiple range test method was used for determination

of the effects of inactivation parameters. Equations used for modelling:

e Hyperbolic equation of (2.1) was used for Michaelis-Menten kinetics by

guaiacol and o-dianisidine where

y = ax/(b+x) (2.1)

a = Vmax (abs/min) and b = K;;; (M), y = enzyme activity (abs/min), x =

substrate concentration (M).
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e Exponential equation of (2.2) was used for regenerated peroxidase activity
versus storage time when samples were treated at 40%, 50% and 75%

ultrasonic powers where
y = a(l-e™)+c (2.2)

a is the amplitude of the exponential, b is the rate constant (min™), ¢ is the
intercept (activity at time=0), a+c is the maximum of the exponential

(regeneratable Aax).

e Linear regression eqution of (2.3) was used for linerization of many graphes.
y=ax+b (2.3)

Such as calibration curve for sugar determination, change of POD activity
with tomato extract by o-dianisidine and guaiacol, Lineweaver-Burk plot of
POD action on hydrogen peroxide in the presence of guaiacol and o-
dianisidine, the plot of natural logarithm of residual activity versus heating
time, Arrhenius plot of the inactivation rates of tomato POD, temperature of
the extract after sonication, the plot of natural logarithm of ultrasonic
inactivation of tomato POD, regenerated POD activity versus storage time

when samples were treated at 15% and 25% ultrasonic powers.
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CHAPTER III
RESULT AND DISCUSSION

3.1. Composition of tomato

3.1.1. Moisture content

Moisture content was found to be 93.88% and 93.32% by infrared dryer and oven
method, respectively. It was reported that moisture content of tomato change

between 93-94% (Suarez et al, 2007) and 94.7% by Elliott et al (1981).

3.1.2. Total sugar content

Sugar content of tomato was determined by using phenol-sulfuric acid method. Total
sugar content of the tomato was found as 5.06% by using calibration curve shown in
Figure 3.1. Jones (2007) reported the similar value of 3.9-4.3%. Glucose was used as

standard sugar that suitable to correlate the obtained values with literature values.
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Figure 3.1. Calibration curve for sugar determination



3.1.3. Ash content
Ash content was found to be 0.55%. It was reported that ash content of tomato

change between 0.50-0.75% (Suarez et al, 2007).

3.1.4. Protein content
Protein content of tomato was found as 0.47%. This value was lower than the values

reported as 0.73-0.83% by Suarez et al, (2007) and as 1.1% by Jones (2007).

3.1.5. Vitamin C content
Vitamin C content of tomato was found as 20.8 mg per 100 g tomato by indephenol

titration method. This value was lower than those reported as 23.4 mg /100 g tomato

by Jones, (2007) and 25 mg /100 g tomato by Grolier et al (1998).

3.2.  Activity of tomato POD
Peroxidase activity of tomato extract was determined by using guaiacol and o-

dianisidine as hydrogen donors at temperature of 25°C.

3.2.1. Activity by guaiacol

POD activity of tomato extract was determined by using guaiacol (2-methoxyphenol)
as hydrogen donor. The increase in absorbance as a result of colored products of
oxidized guaiacol was measured at 470 nm. Highest activity was observed at 0.1%
(v/v) guaiacol and 0.1% (v/v) hydrogen peroxide (Figure 3.2). The effect of pH on
the activity of enzyme was studied with 0.01 M potassium phosphate buffer (pH of
6.0, 6.5 and 7.0) and 0.01 M acetate buffer (pH of 4.5, 5.0 and 5.5). Peroxidase
exhibited its maximum activity at pH 6.5 (Figure 3.3).

3.2.2. Activity by o-dianisidine

POD activity of tomato extract was determined by using o-dianisidine (3,3’-
dimethoxybenzidine) as hydrogen donor. Hydrogen peroxide reacts with o-
dianisidine in the presence of peroxidase to form a colored product. The increase in
absorbance as a result of colored products of oxidized o- dianisidine was measured at
460 nm. Highest activity was observed at 0.05% (w/v) o-dianisidine and 0.1% (v/v)
hydrogen peroxide (Figure 3.4). The effect of pH on the activity of enzyme was
studied with 0.01 M potassium phosphate buffer (pH of 6.0, 6.5 and 7.0) and 0.01 M
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Figure 3.2. Change of POD activity with guaiacol concentration with 0.978 mM
H,0,, Extract: 0.572 mg protein/mL
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Figure 3.3. Effect of pH on POD activitiy with guaiacol, buffer: 0.01 M, H,O,:
0.978 mM, Guaiacol: 0.1% (v/v), Extract: 0.572 mg protein/mL, T= 25°C
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Figure 3.4. Change of POD activity with o-dianisidine concentration with 0.326 mM
H,0,, Extract: 0.572 mg protein/mL

acetate buffer (pH of 4.5, 5.0 and 5.5) at fixed substrate (0.326 mM) and o-
dianisidine (6.8x10” mM) concentrations. Maximum enzyme activity was observed
at pH 5.0 (Figure 3.5). Enzyme activity versus enzyme concentration at 0.1% (v/v)
hydrogen peroxide concentration showed linear relationship with both guaiacol and

o-dianisidine (Figure 3.6.).

3.3. Kinetics of tomato POD

Kinetics of tomato POD was determined by using guaiacol and o-dianisidine as
hydrogen donors. By guaiacol, peroxidase activity was determined by KP buffer (pH
6.5) at 470 nm and by o-dianisidine it was determined by acetate buffer (pH 5) at 460

nm.

3.3.1. Kinetics by guiacol
Kinetics of tomato POD was studied at 75.4 mM guaiacol and 0.0987 mM to 9.78
mM hydrogen peroxide concentration at fixed enyzme concentration. Data obtained

from experiments was used for nonlinear equation of (y = ax / (b+x)) by using Sigma
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Figure 3.5. Effect of pH on POD activitiy with o-dianisidine, buffer: 0.01 M, H,0,:
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Figure 3.6. Change of POD activity with tomato extract by o-dianisidine at 460 nm
(V), by guaiacol at 470 nm (e)
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Plot 2000 ( Jandel Sientific, San Francisco, USA), where a = V.« (abs/min) and b =
K (M). Then predicted data and equation's constants were calculated. Experimental
data and predicted data from the model were compared with correlation coefficients
(r*), that was found as 0.97. Figure 3.7 shows that enzyme follows Michaelis Menten

Kinetics in the substrate concentration ranges of 0.0987 mM to 9.78 mM.
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Figure 3.7. Initial rate versus substrate concentration by guaiacol, Extract: 0.572 mg

protein/mL

Equation of y = ax / (b+x) was obtained by Michaelis-Menten kinetics. Constants of
equation (a, b) were calculated, where a= 3.9x10" and b= 2.34x10". The
Lineweaver-Burk plot was obtained as linear and linear correlation coefficient (1)
was found as 0.90 in Figure 3.8 and V. and K, values were found as 0.52 abs/min
and 0.66 mM, respectively. K, value for hydrogen peroxide by using guaiacol as
hydrogen donor was higher than the value of 4 mM for tomato peroxide (Jen et al,

1980) and 7.2 mM for green pea (Halpin et al, 1989).
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Figure 3.8. Lineweaver-Burk plot of POD action on hydrogen peroxide in the

presence of guaiacol

3.3.2. Kinetics by o-dianisidine

Kinetics of tomato POD was studied at 6.8 x 10 mM o-dianisidine in methanol and
0.0653 mM to 1.956 mM hydrogen peroxide concentration at fixed enzyme
concentration. Data obtained from experiments was used for nonlinear equation of (y
= ax/(b+x)) where a = Vy,x (abs/min) and b = K;;, (M). Then predicted data and
equation’s constants were calculated. Experimental data and predicted data from the
model were compared with correlation coefficient (r*) that was found as 0.91. Figure
3.9 shows that enzyme follows Michaelis Menten Kinetics in the substrate

concentration ranges of 0.0653 mM to 1.956 mM.

Equation of y = ax / (b+x) was obtained by Michaelis-Menten kinetics. Constants of
equation (a, b) were calculated, where a= 9.705x10™" and b= 6.685x10% The
Lineweaver-Burk plot was obtained as linear (Figure 3.10) and linear correlation
coefficient (rz) was found as 0.91. V. and K., values were found as 1.14 abs/min
and 0.16 mM, respectively. K., value for hydrogen peroxide by using o-dianisidine as
hydrogen donor was found as 7.7x10° mM for carrot peroxidase (Soysal and

Soéylemez, 2005).
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Figure 3.9. Initial rate versus substrate concentration by o- dianisidine, Extract: 0.572

mg protein/mL

3.4. Comparison of the Kinetic results

Enzyme activity is generally defined as the amount of enzyme that caused an
absorbance change of 0.001 per min under experimental conditions (Dogan et al,
2007). Vmax is the maximum rate of reaction which occurs when the enzyme is
completely saturated with substrate, K;, is a Michaelis-Menten constant and is an
essential parameter for characterization of a certain enzyme-substrate couple. A low

value of K, indicates a high affinity to the enzyme for its substrate.

Vmax/Km ratio is called catalytic power and is a good parameter for finding the most
effective substrate (Dogan et al, 2002). For guaiacol V./Kp ratio was found as
0.78, for o-dianisidine it was found as 7.13. The K, values for guaiacol and o-
dianisidine were obtained as 0.66 mM and 0.16 mM. The lowest K;,, and the highest
Vimax/Km ratio were obtained with o-dianisidine. Lower K, value indicates higher
tendency of enzyme towards hydrogen peroxide. As a result, when o-dianisidine was
used as hydrogen donor, tomato POD showed higher tendency towards hydrogen
peroxide. Also, when o-dianisidine was used as hydrogen donor reaction rate was

higher than guaiacol. Because V.« of 0-dianisidine was 2.2 times higher than that of
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guaiacol with same enzyme concentration. So, o-dianisidine was used as hydrogen

donor for the further inactivation experiments.

1/V (abs/min)™

T
-5 0 5 10 15 20

1/H,0, (mM)™

Figure 3.10. Lineweaver-Burk plot of peroxidase action on hydrogen peroxide in the

presence of o-dianisidine

3.5. Inactivation of tomato POD

Inactivation of tomato peroxidase was studied by thermal and ultrasonic treatments.

3.5.1. Thermal inactivation

Thermal inactivation of tomato POD was performed at temperatures of 63, 64, 65, 66
and 67°C. For the statistical analysis; two way ANOVA was applied to the
experimental data. There was a significant interaction (P<0.05) among time and
temperature. They had a significant effect (P<0.05) on the inactivation of tomato
POD (Table 3.1). Residual activity was used for the determination of effect of heat
treatment on tomato POD. The residual peroxidase activities against time for

different processing temperatures are presented in Figure 3.11.
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Table 3.1. Results of ANOVA of thermal inactivation of tomato POD

Source Sum of squares df Mean Squares F Significance
Time 18.071 9 2.008 506.426 0.000
Temperature 4.526 6 0.754 190.245 0.000
Time-Temp 1.280 54 2.370x107 5.977 0.000
Error 0.278 70 3.965x10~

100

80 -

60 -

40 +

Residual activity (%)

20 +

0 L
0 5 10 15 20 25 30

Time (min)

Figure 3.11. Thermal inactivation of tomato POD at 63 (e), 64 (0), 65 (¥),66 (V),
67°C (m)

From the graph, it could be seen that the rate of POD inactivation depended on
temperature and increased with increasing temperature (P<0.05). 50% reduction in
POD activity was observed for 15.5, 10.5, 6.5, 5 and 3 min of heating at 63, 64, 65,
66 and 67°C, respectively. Sciancalepore et al (1985) reported that 50% reduction in
grape POD activity for 2 minutes of heating at 65°C and also in another study it was
found that for Borbon grape cultivar, POD activity decreased about 58% at 60°C for
6 minutes of heating (Troian1 et al, 2003). Cano et al (1990) treated whole peeled
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bananas in boiling water for 11 minutes and observed 96-100% reduction in the

activity of POD enzyme.

Thermal inactivation of POD in tomato showed first order kinetics. The plot of
natural logarithm of residual activity versus heating time could be fitted to linear
regression model (Figure 3.12). The results of Anthon et al (2002) were in good
agreement with this study. They were reported a simple first order inactivation for
POD from tomato juice. Peroxidase inactivation in different vegetables, such as
broccoli, green asparagus, carrots and watercress, has been reported to follow a
biphasic first-order model (Cruz et al, 2006; Morales-Blancas et al, 2002). For
carrots, potatoes, tomato and green beans, a first-order model was used to describe
the enzyme inactivation (Anthon and Barrett 2002; Anthon et al, 2002; Bifani et al,
2002).

In (residual POD activity)

5 10 15 20 25 30

Time (min)

Figure 3.12. Natural logarithm of residual tomato POD activity versus heating time

at 63 (A),64 (m), 65 (e),66(V), 67 (¢)°C
Simple first-order kinetics are not usually obtained for the inactivation of POD in

crude plant homogenates because most plants contain multiple isoforms of

peroxidase. Tomato mesocarp has been shown to contain only one isoform of POD
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(Marangoni et al, 1989; Andrews et al, 2000). In most cases, even purified single
isoforms of POD does not show simple, linear first-order kinetics. In this regard, the
peroxidase from tomatoes appears to be unusual (Anthon et al, 2002). But, for carrot,
potatoe, tomato and green bean, a first-order model was used to describe the enzyme

inactivation (Anthon and Barrett, 2002; Anthon et al, 2002; Bifani et al, 2002).

From the slopes of lines, inactivation rate constant, k, were calculated by linear

regression and calculated according to the equation (Anthon and Barrett, 2002):
InA/A¢=- kt
where Ay is the initial enzyme activity and A is the activity after heating at time t.

The obtained k values were used to plot of Ink versus 1/T (Arrhenius plot) (Figure
3.13.), showing a simple linear fit (1*=0.95).

Ink
N

‘4 T T T T
0,00294 0,00295 0,00296 0,00297 0,00298

uT
Figure 3.13. Arrhenius plot of the inactivation rates of tomato POD
E, value is an important parameter for the inactivation of enzymes. E, was calculated

from the slope of Arrhenius plot. It was found as 14.9x10* J/mol. Similar results

were reported for the activation energies for red pepper peroxidase 15.1x10* J/mol
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(Serrano-Martinez et al, 2008), for butternut squash POD 14.9x10* J/mol (Agiiero
et al, 2008) and for asparagus POD 14x10* J/mol (Ganthavorn et al, 1991).

However, higher E, values were obtained for tomato POD enzymes. Anthon et al
(2002) found the activation energies as 54.6x 10* J/mol and 55.7x10* J/mol. A higher
E, value (32.2x 10* J/mol) was also reported for POD from soybeans (Mceldoon and
Dordick, 1996). Anthon et al (2002) was reported that E, for the inactivation of POD

enzyme are generally in the range of 80 to 200 kJ/ mol.

In some cases inactivation is given as a D value (decimal reduction time), the time
required to reduce the enzyme activity to 10% of its original value (Liu et al, 2008).

The D value is directly related to the inactivation rate constant k by :
D =2.303/k

D values for POD was also determined (Table 3.2.). From the table it can be seen
that as temperature increases, k values increases and time required to reduce the

enzyme activity to 10% of its original value decreases (P<0.05).

Table 3.2. Reaction rate constants (k) and decimal reduction times (D) of tomato

POD by thermal inactivation

Temperature (°C) kx10’(min™")’ D (min)’
63 33.2+0.11° 69.4 + 4.7°
64 94.2 +0.07% 244 +£2.12°
65 158.6 + 0.09% 14.5 + 1.54°
66 210.5+0.08° 10.9 £2.6°
67 621 = 0.06° 3.7+0.22°

"Means with same letter do not show significant differences at P = 0.05.

When the temperature was increased from 63 to 67°C, time needed to achive 90%
reduction in POD activity was reduced from 69.4 to 3.7 min. Increasing the
temperature increased the inactivation rate, which has been demonstrated in many
tomato enzyme thermal inactivation tests (Crelier et al, 2001; Lopez et al, 1997).

Gennaro et al, (1999) was reported the D of horseradish POD of 56 min at 80°C,
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Kuldiloke (2002) was reported the D values of tomato POD range from 37 min at

40°C to 8 min at 70°C.

3.5.2. Ultrasound treatment

Ultrasonic inactivation of tomato POD was performed by sonication at 15, 25, 40, 50
and 75% ultrasonic power for 20-150 s. At 75% ultrasonic power sonication was
stopped at 90 second. Because, when the sample was exposed to sonication at that
power for 90 second, temperature of the extract was increased to 71°C that no POD
activity was observed and inactivation effect of ultrasound could not be detected.
Figure 3.14. shows the temperature change of the extract after the sonication. It was

observed that temperature of the extract was increased with ultrasonic power and

time.

80

Temperature ( °c )

10 T T T T T T T
0 20 40 60 80 100 120 140 160

Time (sec)

Figure 3.14. Temperature of the extract after sonication at 75% (m), 50% (V), 40%
(V¥),25% (o) and 15% (e) ultrasonic powers

Effect of ultrasound on tomato POD activity was shown in Figure 3.15. From the
inactivation plot it can be easily seen that there was a sharp decrease in enzyme
activity for the first 20 seconds at all powers. As the ultrasonic power increased,
inactivation rate increased (Figure 3.15). Time and ultrasonic power had a significant

effects on (P<0.05) the inactivation of tomato POD. Also, there was a significant
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interaction between time and ultrasonic power (Table 3.3). As a result the residual
activities of tomato POD decreased significantly (P<0.05) with rise of ultrasonic
power and time. When ultrasound was applied for 150 seconds at ultrasonic powers
of 15, 25 and 40%, inactivation of tomato POD were 35.84%, 36.07% and 83.79%,
respectively. On the other hand, 100% POD inactivation was observed at 50%
power for 150 seconds and same reduction was observed at 75% power for 90

seconds of ultrasonication.

100

80

60 -

40 +

Residual activity (%)

20 +

0 20 40 60 80 100 120 140 160

Time (sec)

Figure 3.15. Ultrasonic inactivation of tomato POD at 15% (e), 25% (0),40% (V),
50% (V), 75% (m) powers

The semi-log plots of the residual activity versus heating time were linear at all
ultrasonic powers studied, consistent with inactivation occurring by a simple first-

order process (Fig. 3.16).

The plots of In residual activity versus ultrasonication time could be fitted to linear
regression model. Raviyan et al (2005) and Gennaro et al (1999) reported that in all
experiments of pectinmethylesterase and POD inactivation exhibited first order
kinetics by ultrasonication. From the slopes of these lines k values were calculated
(Table 3.4). As the ultrasonic power increased, inactivation rate constans were

increased (P<0.05). This result is in agreement with the results of Tiwari et al (2009).
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Table 3.3. Results of ANOVA of ultrasonic inactivation of tomato POD

Source Sum of Squares | df Mean Squares | F Significance
Power 2.246 4 0.561 165.341 0.000
Time 5.127 6 0.854 251.622 0.000
Power-Time 1.681 24 7x107 20.622 0.000
Error 0.119 35 3.395x107
0,0
-0,2
z
2
g 0,4 i
o)
[a
=
3 06
¢
B -0,8
-1,0 T T T T T T
20 40 80 100 120 140 160
Time (sec)

Figure 3.16. Natural logarithm of residual tomato POD activity versus heating time

at ultrasonic powers of 15% (@), 25% (m), 40% (A), 50% (V), 75% (¢)

Table 3.4. Reaction rate constants (k) of tomato POD by ultrasonic inactivation

Ultrasonic power (%) kx10°(min™)"
5 1.54 +0.042°
25 1.58 +0.021°
40 2.20+0.016™
50 3.88+0.012°
75 6.18 +0.025°

"Means with same letter do not show significant differences at P = 0.05.
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3.5.3. Regeneration of tomato POD

Heat treatment is commonly used to inactivate an active enzyme. However, it is well-
known that POD can recover its activity after heat treatment with time (Thongsook et
al, 2005b). POD can regain enzymic activity, which is believed to be responsible for
further loss of quality by the development of off-flavor in vegetables (Lu and
Whitaker, 1974). Although the reactivation of POD has been commonly observed in
heat-treated plant-based foods, little work has been attempted to investigate the
detailed mechanisms involved in the heat inactivation and reactivation of this
enzyme. Knowledge of the mechanism of POD reactivation in vegetables important
to the food industry may be used to prevent enzyme reactivation, which would help

prolong the shelf life of processed vegetable products (Thongsook et al, 2005b).

Regeneration of POD following heat inactivation has been reported for some
vegetable and fruit extracts, e.g., kohlrabi (Vamos-Vigyazo, 1981), Brussels sprouts
and cabbage (Mclellan and Robinson, 1981), apples (Moulding et al, 1987), pears
(Moulding et al, 1989), mango (Khan and Robinson, 1993) and orange (Lu and
Whitaker, 1974).

POD activity versus ultrasonication time at 15% and 25% ultrasonic powers could be
fitted to linear models with high correlation coefficients (0.90 to 0.97) as shown in
Figure 3.17. and 3.18. Reactivation increased as the ultrasonication power increased
(Figure 3.17 and 3.18). For 15% power and 150 sec ultrasonication, residual activity
increased 22%, at 25% power and same ultrasonication exposure time residual

activity increased 36%.

Regeneration of tomato POD treated at 40%, 50% and 75% power was not linear.
POD activity versus ultrasonication time at 40%, 50% and 75% powers could be

fitted to exponential equation;

y =a(l-e™)+c

where; a is the amplitude of the exponential, b is the rate constant (min™), ¢ is the
intercept (activity at time=0), a+c is the maximum of the exponential (regeneratable

Amax) (Figure 3.19, 3.20 and 3.21).
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Figure 3.17. Regenerated POD activity versus storage time when samples were

treated at 15% ultrasonic power for 20 (e), 40 (m), 60 (A), 90 (@), 120('¥), 150 (¢)

seconds
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Figure 3.18. Regenerated POD activity versus storage time when samples were

treated at 25% ultrasonic power for 20 (e), 40 (m), 60 (A), 90 (¢), 120(m), 150 (V)

seconds
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Figure 3.19. Regenerated POD activity versus storage time when samples were

treated at 40% ultrasonic power for 20 (@), 40 (m), 60 (A), 90 (@), 120(¥), 150 (¢)

seconds
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Figure 3.20. Regenerated POD activity versus storage time when samples were

treated at 50% ultrasonic power for 20 (), 40 (@), 60 (¥), 90 (m), 120(®), 150 (A)

seconds
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Similar regeneration kinetics were reported for thermal inactivation of asparagus
POD by Rodrigo et al (1996) and for thermal and high hydrostatic pressure
inactivation of carrot POD (Soysal et al, 2004).

120

100
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Figure 3.21. Regenerated POD activity versus storage time when samples were

treated at 75% ultrasonic power for 20 (e), 40 (m), 60 (A), 90 (V) seconds

At 40% power for 120 sec no activity was observed as a result no reactivity was
observed. Same result was observed at 50% power for 90 sec and at 75% power for
60 sec. At these powers reactivation increased as the ultrasonication power increased
(Figure 3.19, 3.20 and 3.21). 23% POD regeneration was observed for enzyme
treated at 40% ultrasonic power for 60 sec. At the same conditions 28% and 59%
tomato POD regeneration was observed at 50% and 75% ultrasonic powers,
respectively. Table 3.5, 3.6 and 3.7 shows the model constants obtained at 40%, 50%
and 75% powers for the regeneration of tomato POD.

After certain heating conditions, inactivated PODs such as horseradish, kohlrabi,
tobacco, orange or pears regain their enzymic activity (regeneration) during storage
in an extract (Burnette, 1977; Moulding et al, 1989; Vamos-Vigyazo, 1981; Mclellan
and Robinson, 1984) while no POD reactivation was observed in palm tree, potato,
cauliflower, turnip, mango or grape (Robinson et al, 1989; Khan and Robinson,

1993; Vamos-Vigyazo, 1981; Rodriguez et al, 2002) due to the modifications such
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as digestion, aggregation, loss of prostetic group, etc (Schmid et al, 1993). The
variability in regeneration, depending on the extent of haem polymerization, has been
proposed as the major cause of the non-linear first-order kinetics of inactivation;
further support for this proposal was provided by the observation that simple first-
order inactivation kinetics was followed when no regeneration occurred (Adams,
1997b). The study of POD inactivation kinetics could be very useful to optimize
blanching parameters utilized to avoid POD regeneration, which causes off-flavour

and off-colour formation (Sergio et al, 2007).

Table 3.5. Model constants obtained at 40% ultrasonic power for the regeneration of

tomato POD
Time (sec) a b c atc r’
20 14.82 1.05 74.15 88.97 0.86
40 28.47 0.27 62.78 91.25 0.97
60 20.19 0.51 57.38 77.57 0.95
90 23.29 0.61 49.07 72.36 0.99
120 24.04 0.73 40.68 64.72 0.98

Table 3.6. Model constants obtained at 50% ultrasonic power for the regeneration of

tomato POD
Time (sec) a b c atc r’
20 31.86 1.50 61.72 93.58 0.95
40 35.57 2.0 51.01 86.58 0.98
60 30.17 1.76 46.17 76.34 0.86
90 31.79 0.51 38.73 70.52 0.89

Table 3.7. Model constants obtained at 75% ultrasonic power for the regeneration of

tomato POD
Time (sec) a b c atc r
20 39.19 0.72 56.48 95.67 0.97
40 53.30 0.54 41.69 94.99 0.98
60 71.59 0.35 30.25 101.8 0.98

3.5.4. Effects of inactivation methods on vitamin C and microorganisms

54




Effect of inactivation methods on vitamin C of tomato extract was determined
because vitamin C is the least stable of all vitamins and is easily destroyed during
processing and storage. The effects of inactivation methods on vitamin C of tomato
extract are shown in Table 3.8. A significant decrease (P<0.05) in ascorbic acid
content of tomato extract (mg/100g sample) was observed as a function of

temperature and treatment time (Table 3.8).

Table 3.8. Effects of inactivation methods on vitamin C of tomato extract

Inactivation Inactivation Peroxidase Vitamin C" Reduction of
method parameters inactivation | (mg/100g sample) | vitamin C (%)
(%0)
No treatment 0 20.8* -
Heat 63°C, 10 min 29 16.8 + 0.42° 19.3
treatment 64°C, 10 min 37.4 16.2 +0.28° 22.2
65°C, 10 min 473 15.2+0.14° 27
66°C , 10 min 61.3 14 +0.28° 32.7
66°C, 25 min 100 12.5+0.14" 40
67°C, 10 min 100 12.7 £ 0.14' 39
Ultrasonic 15%, 90 sec 34.7 20.8 +1.13% 0
treatment 25%, 90 sec 34 20.8 £1.13% 0
40%, 90 sec 37 20.8 £1.13* 0
50%, 90 sec 47 20.8 +1.13* 0
75%., 90 sec 100 18.3£0.56° 12

*Means with same letter do not show significant differences at P = 0.05.

On the other hand there was no significant difference (P>0.05) in ascorbic acid
content of tomato extract after ultrasonic treatment. For heat treatment at 67°C for 10
min and at 66°C for 25 min 100% peroxidase inactivation was observed and vitamin
C reduction at these treatment conditions were 39% and 40%. For ultrasonic
treatment, 12% reduction was observed in vitamin C after 90 sec at 75% power
ultrasonicatin that was the point of 100% peroxidase inactivation was achieved.
Results shows that thermally processed tomato extract had a significantly (P<0.05)

lower concentration of vitamin C than sonicated. These results were also in

55



agreement with those reported for orange juice by Tiwari et al (2008). They found
that sonication improved retention of vitamin C in orange juice compared to thermal
processing. Also, Cruz et al (2008) compared ascorbic acid content of watercress
after heat and ultrasonic treatment and found that ascorbic acid retention after

sonication was at higher levels.

Effect of inactivation methods on aerobic plate count and mold yeast count contents

were shown in Table 3.9 and 3.10.

Table 3.9. Aerobic plate count of tomato extract treated with heat and ultrasound

Inactivation Inactivation Peroxidase Number of Reduction of
method parameters inactivation m/o's /ml m/o's (%)
(%) sample
No treatment 0 120 -
Heat 63°C, 10 min 29 50 58.3
treatment 64°C, 10 min 37.4 35 71
65°C, 10 min 47.3 25 79.2
66°C, 10 min 61.3 0 100
66°C, 25 min 100 0 100
67°C, 10 min 100 0 100
Ultrasonic 15%, 90 sec 34.7 50 58.3
treatment 25%, 90 sec 34 50 58.3
40%, 90 sec 37 25 79.2
50%, 90 sec 47 0 100
75%, 90 sec 100 0 100

For the aerobic plate count 100% reduction of m/o's was obseved at the point of
100% peroxidase inactivation (at 66°C for 25 min and 67°C for 10 min). Also, same
reduction of m/o's was observed after 90 sec at 75% power ultrasonication. On the
other hand, 47.3% peroxidase inactivation was observed after 10 min at 65°C, at that
point microbial content reduction was 79.2%. Same peroxidase inactivation (47%)

was observed with ultrasonic treatment (for 90 sec at 50% power), but at that
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treatment 100% m/o's reduction was observed. Similar results were also observed for
the mold-yeast count of tomato extract. The higher inactivation rate at greater
amplitudes was observed and it could be due to an increase in the number of bubbles
undergoing cavitation per unit of time (Suslick, 1990) or to an increase in the volume

of liquid in which cavitation is liable to occur (Suslick, 1988).

Table 3.10. Mold-yeast count of tomato extract treated with heat and ultrasound

Inactivation Inactivation Peroxidase Number of Reduction of
method parameters inactivation m/o's /ml m/o's (%)
(%) sample
No treatment 0 65 -
Heat 63°C, 10 min 29 0 100
treatment 64°C, 10 min 37.4 0 100
65°C, 10 min 47.3 0 100
66°C, 10 min 61.3 0 100
66°C, 25 min 100 0 100
67°C, 10 min 100 0 100
Ultrasonic 15%, 90 sec 34.7 50 23
treatment 25%, 90 sec 34 50 23
40%, 90 sec 37 25 61.5
50%, 90 sec 47 0 100
75%, 90 sec 100 0 100

The effectiveness of an ultrasound treatment is dependent on the type of bacteria
being treated (Sala et al, 1995). Microorganisms (especially spores) are relatively
resistant to the effects, thus extended periods of ultrasonication would be required to
render a product safe. If ultrasound were to be used in any practical application, it
would most likely have to be used in conjunction with pressure treatment
(manosonication), heat treatment (thermosonication) or both (manothermosonication)
(Piyasena et al, 2003). Other factors that are known to affect the effectiveness of

microbial inactivation are amplitude of the ultrasonic waves, exposure/contact time,
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volume of food being processed, the composition of the food and the treatment

temperature (USDA, 2000).
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CHAPTER 1V

CONCLUSION

Highest activity for guaiacol was observed at 0.1% (v/v) guaiacol and 0.1% (v/v)
hydrogen peroxide and highest activity for o-dianisidine was observed at 0.05%

(w/v) o-dianisidine and 0.1% (v/v) hydrogen peroxide concentrations.

According to kinetic results, Viax and Ky, values for guaiacol were found as 0.52
abs/min and 0.66 mM, for o-dianisidine 1.14 abs/min and 0.16 mM, respectively.
Lower Km value indicates higher tendency of enzyme towards hydrogen peroxide.
So, o-dianisidine was used as hydrogen donor for the further inactivation

experiments.

Thermal inactivation of POD in tomato showed first order kinetics. Ea was
calculated from the slope of Arrhenius plot and found as 14.9x10* J/mol. 50%
reduction in POD activity was observed for 15.5, 10.5, 6.5, 5 and 3 min of heating at
63, 64, 65, 66 and 67°C, respectively.

Ultrasonic inactivation of tomato POD showed first order kinetics. When ultrasonic

power increased, first order inactivation rate constans were increased.

It was observed that at 15 and 25% ultrasonic powers, residual enzyme activity for
regeneration of tomato POD increased linearly, whereas at powers of 40, 50 and 75
% residual enzyme activity increased nonlinearly. There was no regeneration in the

samples which 100 % enzyme inactivation obtained by ultrasound.

A significant decrease (P<0.05) in ascorbic acid of tomato extract (mg/100g sample)
was observed as a function of temperature and treatment time with heat treatment.
No significant difference (P>0.05) in ascorbic acid of tomato extract was

observed after ultrasonic treatment. When approximately 50% POD was inactivated,
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vitamin C content was decreased 27% by heat treatment and no reduction by

ultrasonic treatment was observed.

When approximately 50% POD was inactivated, aerobic plate count reduction was
79.2% by heat treatment and 100% by ultrasonic treatment. For mold-yeast count, at
all heat treatment conditions 100% reduction was observed but for ultrasonic

treatment reduction range was between 23-100% for all treatment condition.
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