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Changes in the lipid oxidation and volatile compounds of various tissues of
tilapia (Oreochromis niloticus) including muscle, gill, and skin during ice storage were
investigated by evaluating peroxide values (PV), lipoxygenase activity (LOX), fatty acid
composition, and volatile substances. LOX activity and PV were detected in gill, skin,
and muscle throughout 9 days of storage, which increased with extended storage time.
The highest LOX was found in gill, whereas the highest PV was found in skin. Fatty acid
composition of all tissues decreased during storage. Oleic acid was predominant
monounsaturated fatty acid (MUFA), whereas linoleic acid (LA) and docosahexaenoic
acid (DHA) were the main polyunsaturated fatty acid (PUFA) in all tissues. Twenty-
seven volatile compounds were identified in muscle, while 45 compounds in gill and
30 compounds in the skin based on headspace solid phase microextraction coupled with
gas chromatography and mass spectrometry (HS-SPME-GC/MS).. Principal component
analysis showed gradual changes in the volatile composition with increasing storage
time. 2-Butanone and nonanal in muscle, 6-methyl-2-haptanone and 2-nonenal in gill,
and 1-haptanol, and 1-nonanol in skin showed the potential to be used as freshness
indicators. In addition, hexanal was a potential marker for measuring the degree of lipid
oxidation in all tissues.

LOX potentially contributes to oxidative off-flavor in fish and seafood. LOX
activities of tropical fish used for surimi production, including threadfin bream,
lizardfish, and goatfish were detected in gill, skin, and muscle. The highest LOX activity
was found in the gill of lizardfish (376.56 U/mg protein), whereas the highest LOX in
skin and muscle was found in threadfin bream of 60.67 and 137.04 U/mg protein,
respectively. Threadfin bream showed the highest content of PV. DHA and EPA are the

main PUFA in all tissues of tropical fish. LOX activity of lizardfish surimi processing



decreased from 157.19 U/g in raw material to 57.85 U/g in surimi. Lizardfish surimi
contained a high amount of DHA and EPA, indicating that LOX could partly contribute
to lipid oxidation during surimi production and frozen storage. Lipoxygenase from
lizardfish gill was purified by two successive chromatographic steps of Sephacryl S-200
and DEAE Sepharose, resulting in 3.52% yield and a 22.43-fold increase in purity.
Optimum activity was found at 25 © C and pH 7.5 with pH stability at 6.0 - 8.5. There
was still 80% of enzyme activity remaining at 15 © C, suggesting that the enzyme might
contribute to lipid oxidation during refrigerated storage of lizardfish. The enzyme was
thermally inactivated at 50 ° C. The most preferred substrate was 2.5 mM EPA. The
enzyme was inhibited by 1 mM ethylenediaminetetraacetic acid (EDTA) and activated

by 1 mM Fe?", Na*, and Ca*".
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CHAPTER |
INTRODUCTION

1.1 Introduction

Thailand is a leader in the world's tropical surimi production. Most of Thailand’s
surimi comes from threadfin bream (Nemipterus spp), lizardfish (Saurida spp), and
goatfish (Mullidae spp) (Guenneugues and Lanelli, 2014). Currently, demand for surimi
products throughout the world is increasing but traditional resources are limited. Surimi
can be produced from freshwater fish like tilapia (Oreochromis niloticus), providing
good color and gel-forming ability (Rohani, Indon and Yunus, 1995). Tilapia is a prolific
species that is easy to cultivate, grows quickly and has a high yield. It has become an

important species in terms of help boosting the local aquaculture industry.

Storage of fish in ice is an important post-harvest operation. Biochemical changes
of fish at postharvest is species-specific and depends on metabolites in fish tissue,
microbial contamination, and post-harvest handlings (Pacheco-Aguilar, Lugo-Sanchez
and Robles-Burgueno, 2000). Biochemical changes of tropical fish species at the post-
harvest are not well studied as compared to cold water species. Especially, changes
in quality of flavor/off-flavor related to biochemical changes have never been
systematically investigated despite that fishy note is one of negative attributes of

tropical surimi perceived by international market.

Lipoxygenase (LOX, linoleate: oxygen oxidoreductase, EC 1.13.11.12), is a
dioxygenase that oxygenates polyunsaturated fatty acids (PUFA) containing a cis, cis-
1,4 - pentadiene structure (-CH=CH-CH,—CH=CH-), converting them into conjugated
unsaturated fatty acid hydroperoxides (ROOH) (Grechkin, 1998). The hydroperoxy fatty
acids turn into alcohols, aldehydes, ketones, and hydrocarbons, all of which contribute
to an unpleasant taste and odor (Josephson et al, 1984). Marine, and freshwater
species are rich in omega-3 and omega-6 polyunsaturated fatty acids (PUFAs), such as

docosahexaenoic (DHA) eicosapentaenoic acids (EPA), linoleic acid, and linolenic acid



(Strobel, Jahreis, and Kuhnt, 2012). Fish lipids are more prone to oxidation than lipids
found in other foods because of their high degree of unsaturation and low antioxidant
content. Lipoxygenase-induced oxidation of tropical fish species has not been
characterized. It would be important to realize changes of LOX activity from various
parts of fish tissues, namely gill, skin, and muscle at post-harvest. A better process
control can be designed and implemented for minimizing lipid oxidation and fishy note

formation based on this fundamental information.

Previous studies on volatile compounds presume that lipoxygenase (LOX) is a
major contributor to the generation of free radicals that cause lipid peroxidation in fish
tissue (German, Chen, and Kinsella, 1985). LOX is classified, based on different position
of hydroperoxide groups on a fatty acid chain after attacking the 1, 4-cis, cis-pentadiene
group. LOX oxidizes at the C13 position of arachidonic acid (AA, 20:4) resulting in
hydroperoxide at C15 position, would be called a 15-LOX (Brash, 1999). 1-Octen-3-one,
1-octen-3-ol, 1, (2)-1,5-octadien-3-ol, and 1, (Z)-1,5-octadien-3-one occurred by action
of 12-LOX on EPA, whereas hexanal and (Z)-2-hexenal could occur from W-6 fatty
acids and W-3 fatty acids (Cadwallader, 2000). Site specificity of LOXs is a crucial factor
in the formation of aroma compounds in fish. Differences in LOX isoenzymes between
species are responsible for the distinctive aroma profiles of each species. LOX isozymes
have been reported in tissues of various fish, including 12-LOX in trout skin and 15-
LOX in the gill of teleost fishes (Hsieh, German, and Kinsella, 1988; German and
Creveling, 1990). 5-LOX, 12-LOX, and 15-LOX are present in the gray mullet (Hsu and
Pan, 1996). In addition, LOX has a different preference for PUFA, which means that it
makes different volatile compounds. Information about LOX specificity of tropical fish

used for surimi production is limited thus far.

Typically, surimi has bland taste and less fishy note than its respective mince.
However, tropical surimi is known to have strong fishy odor and sometime is
considered as off-odor. This would be due to poor post-harvest handling of raw
material. Although washing can remove odorous compounds, the extent of strong off-
note is much higher than cold water species surimi (An, Qian, Alcazar Magana, Xiong,
and Qian, 2020). Hexanal, heptanal, and 1-octen-3-ol are the major volatile

compounds of grass carp surimi (Liu et al., 2021). The cause of an off-odor in tropical



surimi has not well understood. Washing is ineffective at removing membrane
phospholipids from fish muscle. These phospholipids are PUFA-rich, regularly in
contact with muscle heme iron, and highly susceptible to oxidation. (Eymard, Baron,
and Jacobsen, 2009). These phospholipids can serve as a substrate of LOX, causing off-
flavors. However, it is not known how much LOX residual activity remains after washing.
Understanding the role of LOX in flavor characteristic of surimi would lead to better

control strategies of surimi processing and storage.

1.2 Research objectives

The objectives of this study were:

1.2.1 To investigate changes of lipoxygenase activity, fatty acid profiles, and
volatile compounds of tilapia in various tissues, namely muscle, gill,
and skin during ice storage.

1.2.2  To partially purify and characterize lipoxygenase from lizardfish gill (LG-
LOX)

1.2.3  To determine the effect of surimi washing process on LOX activity and

fatty acid composition.

1.3 Research hypotheses

Ice storage of tilapia would affect LOX activity and extent of lipid oxidation.
Volatile compound profiles of muscle, gill, and skin of tilapia are different during ice
storage. Principal component analysis could be applied to correlate between volatile
compounds and extent of lipid oxidation. Purified LOX from lizardfish gill could be
obtained its properties can be characterized. Washing process of lizardfish (LZ) surimi
production might reduce LOX activity and fatty acid composition. Residual LOX activity

remained after washing would contribute to oxidative off-flavor of surimi.



1.4 Scope of the study

LOX activity, fatty acid profiles, and volatile compounds of tilapia in various
tissues, namely muscle, gill, and skin during ice storage were evaluated. Tilapia were
stored in ice for 0, 3, 6, and 9 days. Lipid oxidation products were measured by
peroxide value. Fatty acid profiles and volatile compounds of various tissues were

evaluated.

LOX activity and fatty acid contents of raw threadfin bream, goatfish and lizardfish
in various tissues, namely gill, skin, and muscle were evaluated. The effect of industrial
production on LOX activity and fatty acid composition was evaluated. Change of surimi
LOX activity during LZ surimi processing, namely mince fish, the first washed, second
washed, and third washed mince, mince from refiner, screw press, and surimi were
followed. LOX of fishes exhibiting the highest activity was selected for purification and
characterization. pH optimum and stability, temperature optimum and stability and
substrate affinity of purified LOX were evaluated. LOX inhibitors were also tested with

various chemicals.
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CHAPTER Il
LITERATURE REVIEWS

2.1 Lipoxygenase

Lipoxygenase (LOX, linoleate: oxygen oxidoreductase, EC 1.13.11.12) is a family
of iron-containing enzymes which catalyse the dioxygenation of polyunsaturated fatty
acids (PUFA) containing a cis, cis-1,4- pentadiene structure such as linoleic, linolenic,
arachidonic acid, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) to
yield hydroperoxides (Gardner, 1991). In 1928, LOX in soybean discovered by Bohn
and Haas (Bohn and Haas, 1928 cited by Christopher, Pistorius, and Axelrod, 1970).
LOX is found in plants, mammals and microorganisms, and is abundant in legumes.
LOX in animal tissues has been reported in various aquatic species, showed in Table
2.1. These contain high level of polyunsaturated fatty acids. Skin tissues of 31 species
of fish were found to contain pro-oxidant activity, some of which may be attributable

to LOX (Mohri, Tokuori, Endo, and Fujimoto, 1999).

Omega-6 fatty acids Omega-3 fatty acids
/E/\:/\_—/\/\/\/\
AR P AN S coom oy 00H
LA: Linoleic acid C18:2n6 ALA: o-Linolenic acid C18:3n-3
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AA: Arachidonic acid C20:4n-6 EPA: Eicosapentanoic acid ~ C20:5n-3
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DPA: Docosapentanoicacid ~ C22:5n-6 DHA: Docosahexanoicacid ~ C22:6 n-3

Figure 2.1 Lipoxygenase substrates, omega-6 and omega-3 fatty acids (Kashiwagi,

and Huang, 2012).



Table 2.1 Lipoxygenase in various aquatic species

Common name Scientific name ]::: of References
Mackerel Scomber scombrus Muscle (BANERJEE, KHOKHAR, and APENTEN, 2002)
White Amur bream Parabramis pekinensis Muscle (Ren, et al,, 2017)
Rainbow trout Oncorhynchus mykiss Skin (German, Chen, and Kinsella, 1985)
Scallop Argopecten irradians Muscle (Xie, Yue, and Fan, 2022)
Sardines Sardinops melanosticus Skin (Mohri, Cho, Endo, and Fujimoto, 1992)
Nile tilapia Oreochromis niloticus Skin (Sae-Leaw, Benjakul, Gokoglu, and Nalinanon, 2013)
Seabass Lates calcarifer Skin (Sae-leaw, and Benjakul, 2014)
Baltic herring Clupea harengus membras Muscle (Samson, and Stodolnik, 2001)
Sardine Sardina pilchardus Muscle (Tolasa Yilmaz, Cakl, Sen Yilmaz, Kirlangi¢, and Lee, 2018)
Grass carp Ctenopharyngodon idellus Muscle (Wang, et al., 2012; Cao, et al., 2019)
Skin,
Lake herring Coregonus artedii Muscle (Wang, Miller, and Addis,1991)
Sorted herring Clupea harengus Muscle (Wu, Forghani, Abdollahi, and Undeland, 2022)
Gray mullet Mugil cephalus Gill (Hsu, and Pan, 1996)
Trout Salmo gairdneri Gill (German, and Creveling, 1990)
Rockfish Sebastes flavidus Gill (German, and Creveling, 1990)
Silver carp Hypophthalmichthys molitrix Muscle (Qiu, Xia, and Jiang, 2013; Fu, Xu, and Wang, 2009)
Carp Cyprinus carpio Gill (lijima, Chosa, Hada, and Kayama,2000)




Table 2.1 Lipoxygenase in various aquatic species. (Continues)

Common name Scientific name Part of fish References
Rabbit fish Siganus fuscescens Viscera (Jiarpinijnun et al., 2022)
Ayu Plecoglossus altivelis Gill, Skin (Zhang, Hirano, Suzuki, and Shirai, 1992)

Snakehead Channa argus Muscle (Sun et al,, 2022)
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2.1.1 Structure

LOXs have a two-domain structure of a smaller -barrel domain (N-
terminal domain) and a larger O-helical catalytic domain (C-terminal domain)
containing a single atom of non-heme iron essential for activity (Newcomer, and Brash,
2015). In three-dimensional structure, the catalytic domain is primarily an Ol-helix with
a single atom of non-heme iron near its center. The center of the domain consists of
two long helices, which donate four iron-binding histidine groups. The fifth group that
coordinates the non-heme catalytic iron is the carboxyl group of the C-terminal
isoleucine (Figure 2.2). The enzymes from soybean contain 838-865 amino acids, with
molecular mass of 94-104 kDa, while 550-600 amino acids, with molecular mass of
70-80 kDa in animal (Brash, 1999). German and Creveling (1990) discovered LOX activity
in the qill tissue of teleost fish with molecular mass of 70 kDa. Saeed and Howell
(2001) found LOXs with two prominent molecular mass of 119 and 125 kDa in Atlantic

mackerel muscle.

C-terminal
N—termi.nal\ domain
domain
j' Non-heme iron
Helices = |

Figure 2.2 Lipoxygenase proteins structure (Brash, 1999)
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LOXs are classified, based on different chain lengths of the most prevalent
substrates for plants (linoleate) and animals (arachidonate) are used to categorize
LOXs. After attacking the 1, 4-cis, cis-pentadiene group, LOX is able to place
hydroperoxide groups in various positions along a fatty acid chain. In Figure 2.3, the
positional specific of LOX-catalyzed reaction is shown with the main products. In
animal tissues, enzymes with specificities for four different positions, including 5-LOX,
8-LOX, 12-LOX, and 15-LOX. For example, LOX oxidizes at the C13 position of
arachidonic acid (C20:4), counting from the carboxyl end of the chain, resulting in
hydroperoxide at C15 position, would be called a 15-LOX. The products from reaction

are hydroperoxy-eicosatetraenes (HPETEs) (lvanov et al., 2010).

O0H

= COOH = = COOH
< C o
— — —

™

'00H
SHPETE 5S-LOX 15S-LOX 15-HPETE
5LCOK

3+ 5

=— — - COOH
SLOXE 12-L0X *m/ arachidonic acid
—

[ =
H

15iI_OX
LOX 128-LOX

COOH

8-HPETE 12-HPETE

Figure 2.3 Positional specific of LOX-catalyzed reaction with the main products

(Brash, 1999)

Hsieh and Kinsella (1988) suggested that LOX activity was present in the gill
and skin tissues of several species of fish, and trout exhibited activity of 12-LOXs.
German and Creveling (1990) discovered an arachidonic acid 15- LOX activity in the gill
tissue of teleost fishes. Moreover, Cadwallader (2000) found that 12-LOX is widely
distributed in different organs/tissues of rainbow trout. Three types of arachidonate
LOX (5-LOX, 12-LOX, and 15-LOX) are present in the grey mullet (Hsu, and Pan, 1996).

Arachidonic acid 12-LOX activity was found in Atlantic mackerel muscle (Saeed and
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Howell, 2001). Arachidonic acid 12-LOX protein plays an important role in the
occurrence and development of diseases in human (Zheng, Li, Jin, Huang, Zou, and
Duan, 2020). Rabbit reticulocyte 15-LOX oxidizes plasma to produce cholesteryl ester
and phosphatidylcholine hydroperoxides (Yamashita, Nakamura, Noguchi, Niki, and
Kihn, 1999; Morita, Naito, Yoshikawa, and Niki, 2016)
2.1.2 pH optimum and stability

LOX purified from mackerel muscle is stable over the pH range of 4.0-
11.0 with pH optimum at 5.6 (Banerjee et al., 2002). German and Creveling (1990) found
that gill LOX exhibited activity from pH 7 to 9 with the optimum pH at 7.5. In sardine’s
skin, the enzyme had an optimum pH at 7.0 and was stable over the pH range of 6.0-
9.0 (Mohri et al., 1992). In mackerel’s gill; LOX exhibited the highest reactivity toward
eicosapentaenoic acid (EPA) with the optimum pH of 4.5. The enzyme was stable at
pH 5.5 (Hong et al,, 1994). The 12-LOX is widely distributed in different organs/tissues
of grey mullet with different optimum pH (gill at pH 8.0, platelet and ovary at pH 6.5)
(Cadwallader, 2000). Meanwhile, LOX from soybean exhibited activity at different pHs,
depending on isozymes; optimum of pH 9 for LOX 1. pH optimum of LOX 3 is very
broad and is centered around pH 7, while the reported pH optimum of seed LOX 2 is
6.8 (Grayburn et al,, 1990). Thiansilakul, Benjakul, and Richards (2011) reported the
highest lipid oxidation and off-odor were observed in washed Asian seabass mince at

pH 6.0.

2.1.3 Thermal optimum and thermal stability

Hsieh et al. (1988) found that at temperatures above 40 ° C, LOX in
trout gills was rapidly inactivated and glutathione improved the stability of gill LOX.
glutathione can reduce hydroperoxides to its stable hydroxyl analogues and thus
removes excessive hydroperoxides to keep the LOX active (Hsu and Pan, 1996).
Banerjee et al. (2002) reported that mackerel muscle LOX was stable at 0-50 ° C but
lost activity completely at 70 © C. A decrease in activity is probably due to irreversible
changes in the tertiary structure of the enzyme. Moreover, Harris and Tall (1994)
reported that After being incubated at 50 ° C for 10 minutes, LOX from mackerel
muscle lost 40% of its activity. In mackerel’s gill, LOX showed optimum temperature

at 25 ° C for EPA, arachidonic acid, and linoleic acid. When linoleic and arachidonic
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acid were used as substrates, the highest thermal stability was observed at 8 © C. When
EPA was used as substrates, the highest thermal stability was observed at 20 ° C,
indicating that double bonds of EPA were easily oxidized by LOX of mackerel’s gill
compared to other fatty acids (Hong et al,, 1994). Meanwhile, LOX from soy whey
protein was inactivated more than 99.9% at 75 °C for 3 min (Zhang, and Chang, 2022).
LOX activity was high in the silver carp surimi gel at 40 ° C, and rapidly decreased at
temperature 90 ° C for 10 min (An et al,, 2022). Tolasa Yilmaz, Cakl, Sen Yilmaz,
Kirlangig, and Lee (2018) found that increasing temperature (from 0 to 10 © C) increased
LOX activity significantly in fresh and frozen sardine fillets and mince.
2.1.4 Substrate specificity

The activity of LOX varies with PUFA substrates. Banerjee et al. (2002)
reported that the highest activity of mackerel muscle was observed when linoleic acid
was used as a substrate, followed by linolenic acid, docosahexaenoic acid (DHA) and
arachidonic acid. Substrate specificities of the enzyme appear to vary with sources of
LOX. LOX from trout and mackerel efficiently oxidized n-3 fatty acids such as DHA and
eicosapentaenoic acid (EPA) (Hsieh al. 1988; Harris and Tall 1994). LOX from carp gill
showed maximal activity toward arachidonic acid (lijima et al., 2000), while sardine skin
LOX preferred linoleic acid (Mohri et al., 1990). Gill LOX of rainbow trout exhibited
reactivity toward arachidonic, eicosapentaenoic, and docosahexaenoic acids, but low
reactivity toward linoleic acid (German and Creveling, 1990). LOX has a different
preference for PUFA, which means that it makes different volatile compounds. 1-
Octen-3-ol, 1-octen-3-one, 1, (Z)-1,5-octadien-3-ol, and 1, (2)-1,5-octadien-3-one
occurred by action of 12-LOX on EPA, whereas hexanal and (Z2)-2-hexenal could occur
from n-6 polyunsaturated fatty acids and n-3polyunsaturated fatty acids (Cadwallader,
2000).

2.1.5 Lipoxygenase isozymes

LOX appears to have various isoforms; the products from each isoform
are unique. The different LOXs are named related to their positional specificity for the
dioxygenation of arachidonic acid: 15-, 12- or 5-LOX, corresponding to an attachment
of hydroperoxide to carbon atom 15, 12, or 5 of arachidonic acid, respectively. The
12-hydroxyeicosatetraenoic acid was found to be the major product of LOX (Fu et al,,

2009). The 12-LOX is the main LOX in various fish species including trout, sliver carp,
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and Atlantic mackerel (Fu et al., 2009; German and John, 1985; Saeed and Howell,
2001). Moreover, 15-LOX is dominant in chicken muscle (Grossman et al., 1988) and
trout (German and Richard, 1990). Three form of LOX including, 5-, 12-, and 15-LOX
were found in gray mullet gill (Hsiu and Pan, 1996).
2.1.6 Inhibition of lipoxygenase oxidation in fish

The most widely used fish LOX inhibitors are nordihydroguaiaretic acid
(NDGA), butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA), esculetin,
ascorbic acid and Ol-tocopherol. (Grun and Barbeau, 1995; Harris and Tall, 1994; Hsieh,
et al, 1988; Mohri, et al, 1999; Saeed and Howell, 2001). NDGA is competitive
lipoxygenase inhibitor. Esculetin, known inhibitor of LOX, inhibited the production of
12-hydroxyeicosatetraenoic acid by non-competitive inhibitor as a similar structure to
phenolic antioxidants (Saeed and Howell, 2001). Ethylene diamine tetraacetic acid
(EDTA) inhibits enzyme-catalyzed oxidation by removing iron. EDTA is more effective
in minced meat. Similarly, potassium cyanide (KCN) which acts as a general enzyme
inhibitor as well as metal chelator, is also a very efficient heme protein inhibitor. BHT
and BHA is an antioxidant which prevents rancidification of food. The conjugated
aromatic ring is able to stabilize free radicals by acting as free radical scavengers. In
addition, ascorbic acid is a reducing agent for inhibition of enzyme-catalyzed oxidation.
Inhibition of crude mackerel muscle LOX by Ol-tocopherol and ascorbic acid (Saeed
and Howell, 2001), inhibition of trout gill LOX by flavonoids (Hsieh et al., 1988) and
tilapia and grey mullet gill LOX by green tea extract have been reported (Liu and Pan,
2004). Tea catechins were reported to completely inhibit LOX of all the skin extracts
from sardine (Mohri et al., 1999). Carnosine is a dipeptide that reports as a natural
antioxidant, which is facilitated by metal ion chelating and peroxyl radical scavenging.
Sun et al. (2022) reported the combined application of ultra-high pressure and

carnosine on snakehead meat is effective in inhibiting LOX and reducing the fish odor.

2.2  Volatile compounds of fish species

Fish flavor can be divided into three groups: odorless representing in saltwater
fish, follow by pyrrolidine an earthy-odor compound representing in freshwater fish
and a variety of unsaturated carbonyls and alcohols derived from enzymatic and non-

enzymatic oxidation of polyunsaturated fatty acids representing in euryhaline fish.
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(Kawai, and Sakaguchi, 1996). Jones et al. (2022) reported different flavor has affect
consumer acceptance. Mild ‘fishlike’, ‘marine’, ‘crustacean- like’, ‘seafood’ and
‘sweet’ odors are pleasant. However, "fish-like," "fatty," and "earthy" odors are given as
unpleasant. LOX has been reported to contribute to the biogeneration of volatile flavor
compounds from the initial oxidation of polyunsaturated fatty acid in fish tissues to
produce acyl hydroperoxide (Hsieh, and Kinsella, 1989). The hydroperoxides can be
derived from linoleic acid (octadecadienoic acid hydroperoxides, HPODs) acting as
substrates for the subsequent enzymatic activities (Zhang et al., 1992; Bisakowski et
al., 1997). Hydroperoxide lyase (HPL), reported to cleave the hydroperoxide, producing
a volatile compound such as an alcohol or aldehyde (Kermasha, 2002b; Matsui, 2006).
Figure 2.4 shows the bioconversion of linoleic acid into alcohol and carboxyl
compound by the sequential enzymatic activity of LOX and HPL. LOX is considered as
the primary enzyme in the sequential biocatalytic pathway involved in the production
of many desirable flavor compounds (Gardner, 1991; Schrader et al., 2004). The first
product is the generation of specific HPODs, 9-HPOD and 13-HPODs, considered as
flavor precursors. The subsequent catalytic cleavage by the hydroperoxide lyase (HPL),
HPODs resulted in their conversion into their corresponding oxoacid and volatile flavor

compounds, with distinct flavor characteristics (Figure 2.5).

/\/\/—\/—W\/\/——COOH Linoleic acid

l Lipoxvgenase (LOX)

H

OOH
/\/\>L\/—__W/\/COOH Hydroperoxy-
octadecadienoic acid

l Hydroperoxide lyase (HPL)

/\/\/:0 Hexanal
+
owcwu 12-oxo-dodecenoic acid
Figure 2.4. Bioconversion of linoleic acid into short-chain alcohols and carbonyl

compounds by sequential enzymatic activities of LOX and HPL

(Gardner, 1989).
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Figure 2.5. The application of lipoxygenase in the production of aroma (Gardner, 1989).

Different species of fish contain different types and activity of LOX, which
accounts for different aroma as summarized in Table 2.2. Selli and Cayhan (2009)
reported a total of 46 compounds were identified and quantified in gilthead sea bream
(Sparus aurata) by simultaneous distillation-extraction (SDE) and GC-MS, which
aldehydes and alcohols were the most dominant volatiles. (E)-2-Nonenal and decanal
were the most powerful contributors to aroma of sea bream. Iglesias et al. (2009)
reported that 51lcompounds were identified and quantified by dynamic headspace
with solid phase microextraction (SPME) and gas chromatography—-mass spectrometry
(GC-MS) in Gilthead sea bream fish. They indicated that 1-octen-3-ol, 1-penten-3-ol,
and Z-4-heptenal were markers for the differentiation between fresh and frozen-
thawed fish over 226 days. lglesias and Medina (2008) founded that Atlatic horse
mackerel (Trachurs trachurus) holding at -20 °© C for 7 months initially contained 15-
LOX, while the 12-LOX was barely detected. They also founded a total of 79
compounds identified and quantified by dynamic headspace with SPME and GC-MS.
The most dominant volatiles are 1-penten-3-ol and 2, 3-pentanedione (1-octen-3-ol),
which are useful indicator of fish rancidity. In silver carp, the major lipoxygenase was
12-LOX. The LOXs caused faster lipid oxidation in the initial phase and it was affiliated
with strong fishy odor, which was likely caused by 2, 4-haptadienal (E, E) from the

enzymatic oxidation of linoleic acid (Fu et al, 2009). Volatile compounds of fresh
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whitefish were identified and quantified by static headspace with SPME and GC-MS.
Two distinct families of compounds are cucumber-like note aroma and plant-like
aroma. These aromas were identified to be (E)-2-nonenal, (E, Z)-2,6-nonadienal, 6-
nonen-1-ol, 1-octen-3-ol, 1-octen-3-one, 1,5-octadien-3-ol, 1,5-octadien-3-one, 2,5-
octadien-1-ol (Josephson et al., 1983). Ganeko et al., (2008) postulated that sardine
skin contained high levels of polyunsaturated fatty acids and lipoxygenase. Carbonyl
compounds may be generated more easily than trimethylamine. They identified 33
volatile compounds of sardine by GC-MS, including 2,3-pentanedione, hexanal, and 1-
penten-3-ol. Forty-seven compounds were detected by gas chromatography-
olfactometry. Among them, paint-like (1-penten-3-one), caramel-like (2,3-
pentanedione), green-like (hexanal), shore-like ((2)-d-heptenal), citrus note (octanal),
mushroom-like (1-octen-3-one), potato-like (methional), insect-like ((E, 2)-2,6-
nonadienal), and bloody note (not identified) were strongly detected. It can be
concluded that these compounds rather than trimethylamine contributed to fresh
sardine flavor. In yellowfin tuna, Edirisinghe et al., (2006) developed a new rapid
indicator for determining the quality of fish. Changes in the aroma composition of
yellowfin tuna were monitored using SPME GC-MS. The results showed that, hexanal
and 2-nonanone were relatively high in fresh fish, whereas 3-methyl-1-butanol and 3-

hydroxy-2-butanone increased with storage time.
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Table 2.2 Volatile compounds of fish reported in literatures
No. of .
. . Volatile L
Speices Extraction method detected Charaterization Reference
compounds
compounds
Simultaneous distillation-extraction gas
Gilthead seabream chromatography-mass 46 Decanal Sea bream aroma (Selli, and Cayhan, 2009)
(Spaus aurata) spectrometrometryand SDE/GC-MS (E)-2-Nonenal
Gilthead seabream Solid-phase microextraction gas 51 1-Penten-3-ol Fresh and frozen-thawed (lolesias et al. 2009)
(Spaus aurata) chromatography-mass 1-Octen-3-ol different markers sieslas et at,
spectrometrometry (SPME/GC-MS) Z-4-Heptenal
Solid-phase microextraction gas
Silver carp chromatography-mass 21 2,4-Heptadienal (E,E) Fishy odor
) o ) ) (Fu, Xu, and Wang, 2009)
(Hypophthalmichthys molitrix) spectrometrometryspectrometry— Hexanal Oxidated oil odor
olfactometry (SPME/GC-MS-O) NGl
Atlantic horse mackerel Dynamic headspace extraction (DHS) 79 1-Penten-3-ol . . . .
(Trachurus trachurus) and SPME/GCMS 1-Octen-3-ol Fishy rancidity markers (Iglesias, and Medina, 2008)
2,3-Pentandione
. 33 . i
sardine Gas chromatograph-olfactometry (GC-O) 2,3-Pentanedione Sardi (Ganeko et al. 2008)
i i ardine aroma aneko et al,,
(Sardinops melanostica) with SPME/GC-MS Hexanal
1-Penten-3-ol
(Edirisinghe, Graffham,and Taylor,
Yellowfin tuna SPME/GC-MS 17 3-methyl-1-butanol Fresh fish markers 2007)

(Thunnus albacares)

3-hydroxy-2-butanone
Hexanal

2-nonanone
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2.3  Analysis of volatile compounds

Sampling methods should be as mild as possible and represent the actual
composition of the original sample for analysis of volatiles. One of the methods for
volatile compound analysis is headspace analysis. The benefits of using headspace
analysis are time saving and simple equipment for sampling. In addition, artefacts
caused by heat and contact with solvent and sampling equipment are avoided and
volatiles are collected in concentrations presenting their actual vapor pressure in the
sample. Temperature has a direct influence on the volatility of the headspace
components and sampling conditions and should be chosen so that artefacts induced
by temperature will be minimized. Headspace analysis includes static and dynamic
headspace. In static headspace, a sample is sealed into a vessel, warmed, and volatile
compounds in the sample diffuse into the headspace. Once equilibrium is reached,
the sample is withdrawn and injected into the GC column. (Zhao and Barron, 2006).
Dynamic headspace is carried out by purge and trap which a flow of carrier gas is
passed through the sample vessel to reduces matrix effect and increase the headspace
sample size, thus increasing the sensitivity. Volatile compounds are purged from the
sample into the headspace above and through a trap, which is rapidly heated and
injected into the GC column. Headspace analysis was used to characterize volatile
compounds in sea bream (Grigorakis et al., 2013), mackerel (Alasalvar et al., 1997), tuna
(Medina et al,, 1999), boiled salmon, cod, and trout, and salted-dried white herring
(Chung et al., 2007).

Solid phase microextraction (SPME) is another extraction technique developed
by Pawliszyn and co-workers in the early 90s that combines sampling and sample
preparation in one step (Arthur and Pawliszyn, 1999). SPME can be automated and is
easily of use, relatively low cost, and shows high affinity for a large group of
compounds. It has become a widely used technique for the isolation of aroma volatiles
(Kataoka, 2005). The needle is pushed through a septum and the fiber is contacted to
the headspace above the food sample, which is sealed in a suitable container. Volatile
compounds are adsorbed onto the fiber and, once equilibrium is reached; the fiber
can be removed from the sample vessel and directly desorbed into the split/splitless

injector of a gas chromatograph.
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Type of fiber separated according to the molecular weights and polarity of the
analytes. Non-polar organic volatile compounds with low molecular weight usually
require a polydimethylsiloxane (PDMS)-coated fiber. To extract very polar compounds
with low molecular weight from polar samples, such as alcohols or amines,
polyacrylate (PA)-coated fiber is recommended. Polydimethylsiloxane/ divinylbenzene
(PDMS/DVB) fiber is used for aromatic hydrocarbons with small volatile analyses. Larger
molecular weight or semivolatile compounds require a fiber with high adsorbtivity and
desorptivity including polydimethylsiloxane/ divinylbenzene (PDMS/DVB), Carboxen/
PDMS or DVB/carboxen/PDMS-coated fiber. Several of SPME fibers have been used for
volatile of fish. A PDMS fiber was used to examine the effects of storage time on
yellowfin tuna (Edirisinghe et al., 2007), while a polyacrylate (PA) fiber was found to be
the most suitable for comparing smoked with non- smoked black bream and rainbow
trout, included smoked cod and swordfish (Guillen and Erreecalde, 2002, 2006). Song
et al. (2002) discovered that aroma of uncooked hepatic tissue was stronger than that
of uncooked muscle for carp, flounder, mackerel, and skipjack based on a PDMS/DVB
fiber, while DVB/carboxen/PDMS fibers was used to examine sardine freshness (Ganeko
et al.,2008). Carboxen/ PDMS fibers was used for analysis of aroma compounds in sea
bream, chum salmon, mackerel, sardine, tuna, prawn, and shrimp (Mansur et al., 2003).
The HS-SPME has been widely used for the analysis of flavor and freshness in several
foods including seafood. These methods have been applied to determine the
concentration of aliphatic amines (Zeng et al, 2004), volatiles of yellowfin tuna, sardine
(Edirisinghe et al, 2006, Ganeko et al., 2004), differences in volatiles of raw and smoked
fish species (Guill and Errecalde, 2002), monitoring the volatile basic nitrogenous
species including methylamine, dimethylamine and trymetthylamine for freshness
assessment (Chan et al., 2006), differences in volatiles of fresh and fozen-thawed
cultured gilthead sea bream fish (Iglesias et al., 2009), the kinetic of lipid oxidation and
off-odor formation in silver carp mince (Fu et al., 2009). Iglesias and Medina (2008)
applied HS-SPME to determine volatile compounds associated to oxidation of Atlantic

house mackerel mince muscle.
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2.4  Lipid component in fish muscle

Lipid content and fatty acid profile of fish vary with species and many factors
including temperature, salinity, season, size, age, habitat, and others. Freshwater fish
in general contain higher proportions of n-6 PUFA (2.42-21.92%) than marine species
(0.43-14.2%) (Ozogul et al., 2007). Fish can be categorized into fatty, intermediate and
lean fish. In fatty fish, fat content is around 8-35 ¢ fat/100g of fish such as herring,
sardine and mackerel. In intermediate fatty fish, fat content is 2-8 g fat/100g of fish,
such as tilapia and trout. Lean species, such as threadfin bream and Alaska pollack
contain 0-2 g fat/100 ¢ of fish (Murray and Burt, 2001). Fish contain high levels of
cellular unsaturated lipids which can be converted to hydroperoxides by LOX. Lipids
in fish are divided into two main groups, neutral lipids (NL-triacylglycerols, TAG) and
phospholipids (PL) (Rehbein and Oehlenschlager, 2009). Phospholipids are made up of
four components: fatty acids, a glycerol backbone, a negatively charged phosphate
group and a head group of nitrogen-containing alcohol. Triaclyglycerols are less polar
hydrophobic, whereas phospholipids are more polar due to phosphate group (Burri et
al,, 2012).

Phospholipids are divided into three groups: slycerophospholipids, ether
glycerolipids and sphingophospholipids. Glycerophospholipids are phospholipids with
different polar head 18 groups. For example, phosphatidylcholine (PC) has choline as
a head group; while phosphatidylethanolamine (PE) has ethanolamine as a head group,
etc. Phosphatidylcholine is a major group in fish, whereas phosphatidylethanolamine
(PE) is shown to be the second most abundant. Phospholipids are important
component for cell membranes and they function as precursors in structural fat, but
the neutral lipids play a role as an energy source (Henderson and Tocher, 1987).

2.5  Surimi

Surimi is a uniquely functional food ingredient. Production of surimi involves
heading, gutting and mincing washing, dewatering, and freezing. Good quality surimi is
judged by gel-forming ability, water-holding capacity, odorless and creamy white
appearance (Park and Morrissey, 2014). Thailand is the leading country for the
production of threadfin bream surimi. In addition, surimi can be produced from
freshwater fish, like tilapia with good gel-forming ability and white appearance. In

addition, odorless is important attribute of surimi (Nopianti, Huda and Ismail, 2010).
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2.5.1 Washing process

The washing process is a key step, not only because it removes water-
soluble substances, mainly sarcoplasmic proteins, fat and other impurities, like
pigments and many metabolic enzymes that reduce the stability of functional proteins
during storage. Washing also increases concentration of myofibrillar protein,
consequently improving the gel-forming ability. Surimi requires several washing steps
to ensure maximum gelling, as well as colorless and odorless surimi (Hall and Ahmad,
1997). However, over-washing lead to substantial loss of fine particles and high
moisture content. The number of washing cycles and the volume of water depend on
fish species, freshness quality, type of washing solution and the desired quality of the
surimi. Normally, two washing cycles using a 3:1 (v/w; water to mince) ratio with a five
minutes agitation in each of cycles can be operated to adequate for surimi production
(Lee, 1986). Pacheco-Aguilar, Crawford and Lampila (1989) reported that removal of
lipids was not efficiently achieved using a single wash with a 3:1 ratio (v/w; water to
mince) but resulted in high solids and protein recoveries which are often low in
multiple washing cycles. Lin and Park (1996) reported that an effective washing process
can now be accomplished with two washing cycles at water to meat ratio of less than
2:1 with a typical wash ratio of 0.9-1.2 parts water in the first wash and 0.7-0.8 in a
second wash. Washing process is resulting in substantial loss of gel quality during frozen
storage. Hossain et al., (2002) investigated effect of washing solution, washing period
and salt concentration on the gel properties of silver carp, they reported that fish
mince needed to be washed once with 0.1% NaCl for 10 minutes to obtain a good
quality surimi. Manna et al., (2009) reported improving the mince characteristics of
marine catfish required to be washed with chilled water (meat: water ratio 1:2) for
single time.

2.5.2 Effect of washing on lipid removal

Several research on washing able to decreased lipid concentration
around 20-60%. Turan and SOnmez (2008) reported that the third washing lipid levels
decreased approximately 30%. Twice washing reduced lipid level of 64% in the red
tilapia and 70% in the Nile tilapia (Biscalchin-Gry “schek et al., 2003). In sardine, washing
decreased approximately 40% in lipid (Ramirez-Sudrez et al., 2000). Acheco-Aguilar et
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al. (1989) reported that a single washing at a 3:1 water—flesh ratio and washing at pH
5.0-5.3 were the most effective in removing lipid. Washing three cycles can reduced
the fat content by 23% of its initial value in shark meat (Mathew et al., 2002).
Pattaravivat et al., (2008) investigated method to decrease the lipid content to less
than 1% by washing escolar meat with palmitic sucrose ester (P-1670). After the
seconds wash with a 0.25% (w/v) these solutions, the lipid and wax contents decreased
to 0.32% to obtain good strength and whiteness of the gel. Barrero and Bello (2000)
reported that minced sardine was washed with 0.5% sodium bicarbonate, which
removed 57% fat.

Higher phospholipid content in surimi than in mince could be explained by the
membrane polar lipids, interacting with proteins and consequently being less easily
removed than neutral lipids during washing process (Eymard et al., 2005). Eymard et
al., (2005) reported that most of the lipids in horse mackerels mince were removed
during washing stage and neutral lipids were lost in higsher proportion than polar lipids.
Dawson et al, (1990) found that washing removed more neutral lipids than
phospholipids from mechanically separated chicken meat. Rhee et al., (1998) reported
that washing with high pH (8.2) tap water for 4 times can reduced total fat content,
particularly neutral lipids.
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CHAPTER IlI
CHANGES OF VOLATILE COMPOUNDS FROM LIPID OXIDATION OF
NILE TILAPIA DURING ICE STORAGE

3.1 Abstract

Changes in the lipid oxidation and the generation of volatile compounds of
various tissues of Nile tilapia, including muscle, gill, skin during ice storage was
investigated. Lipoxygenase (LOX) activity and peroxide value were detected in gill,
skin, and muscle throughout 9 days of storage and increasing with the extended storage
time. The highest LOX was found in gill, whereas the highest PV was found in skin.
Individual fatty acid contents decreased during storage. Oleic acid was predominant
monounsaturated fatty acid (MUFA), whereas linoleic acid (LA) and docosahexaenoic
acid (DHA) were the main polyunsaturated fatty acid (PUFA) in all tissues. Twenty-
seven volatile compounds were identified in muscle followed by 45 compounds in gill
and 30 compounds in the skin based on headspace solid phase microextraction
coupled with gas chromatography and mass spectrometry (HS-SPME-GC/MS). Principal
component analysis showed gradual changes in the volatile composition with
increasing storage time. 2-Butanone, nonanal, 6-methyl-2-haptanone,1-haptanol, and
1-nonanol can be used as freshness indicators. In addition, 1-penten-3-ol and hexanal

were potential markers for measuring degree of lipid oxidation in tilapia stored in ice.

Keywords: Nile tilapia, Lipid oxidation, Lipoxygenase, Solid phase microextraction
coupled with gas chromatography and mass spectrometry (HS-SPME-GC/MS), Volatile

compound
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3.2 Introduction

Tilapia is the world's second most farmed fish, with 6.93 million tons harvested
in 2020. (FAO, 2021). It is inexpensive and has white-colored meat, a mild flavor, high
protein, and absence of intermuscular bones, making it an acceptable substitute for
more expensive choices such as salmon. Fresh fillets of premium-quality tilapia must
be processed as soon as possible after harvest, as ice storage reduces the shelf life of
the final product (Jimenez-Ruiz et al., 2020). Iced storage is method to maintain the
quality of fish during handling and storage. However, fatty fishes are particularly
susceptible to lipid degradation which can cause severe problem on postmortem,
producing a range of substances having unpleasant taste and smell. Quality
deterioration during ice storage of fish is associated with strong fishy note. Hexanal and
nonanal are an important compound contributing to fishy odor of seabass skin store
in ice for an extended time (Sae-leaw, and Benjakul, 2014). Changes of volatile
compounds during ice storage of tilapia have not been well characterized. In this study,
changes of volatile compounds during ice storage were monitored. The volatile
compounds in tilapia could be useful for determining the freshness and deterioration
of the fish during transport/storage.

Fish is a rich in omega-3 polyunsaturated fatty acids (PUFAs), such as
docosahexaenoic (DHA) and eicosapentaenoic acids (EPA) (Strobel, Jahreis, and Kuhnt,
2012). Compared to other food lipids, fish lipids are more susceptible to oxidation due
to their high degree of unsaturation and low antioxidant content. Lipid oxidation is
associated to the formation of unpleasant odors (Olaoye, 2016). As both lipolysis and
lipid oxidation in fish are associated with quality loss, lipid deterioration still occurs
readily during storage and limits the shelf life of fish (Pacheco-Aguilar, Lugo-Sanchez,
and Robles-Burgue-no, 2000). It is well recognized that various tissues of the fish
contain different lipid contents, leading to varied degree of lipid oxidation during ice
storage.

Lipoxygenase (LOX) is a dioxygenase that oxygenates polyunsaturated fatty
acids (PUFA) containing a 1-cis, 4-cis-pentadiene system converting them into
conjugated unsaturated fatty acid hydroperoxides (ROOH) (Grechkin, 1998). The

hydroperoxy fatty acids can be further metabolized to produce alcohols, aldehydes,
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ketones and hydrocarbons, resulting in off-flavor and off-odors. Previous studies on
volatile compounds presumed LOX is a main source of initiating radicals and
subsequent lipid peroxidation in fish tissue (German and Kinsella (1985). Mostly LOX
has been discovered in muscle, skin, and gill tissue of fish (Tolasa, Cakl, Sen Yilmaz,
Kirlangig, and Lee 2018; Sae-Leaw, Benjakul, Gokoglu, and Nalinanon 2013; Hsu and
Pan 1996). Iglesias et al. (2009) reported that Z-4-heptenal is an important compound
contributing to off-note of gilthead sea bream fish, which is produced by the action of
LOX on EPA. Moreover, strong fishy odor in silver carp is caused by 2, 4-heptadienal
(E, B) resulted from the action of -LOX on linoleic acid (Fu et al, 2009). However, quality
changes of tilapia during ice storage as related LOX activity and formation of volatile
compounds has not been explored. The aim of this work was to investigate changes

of LOX activity tilapia at various tissues, namely gill, skin, and muscle during ice storage.

3.3 Materials and methods

3.3.1 Chemicals and reagents

Bovine serum albumin (BSA), 2-thiobarbituric acid, cumene
hydroperoxide, guanidine hydrochloride, trichloroacetic and ferrous chloride were
purchased from Fluka (Buchs, Switzerland). Linoleic acid (299%), heptadecanoic acid
(299%), Tween-20, L-glutathione reduced (>98.0%), phosphatidylcholine, cumene
hydroperoxide, cyclohexanol, and 2,4-dinitrophenylhydrazine (DNPH) were purchased
from Sigma-Aldrich Canada Ltd. (Oakville, province, Canada). Other chemicals and

reagents were of analytical erade.

3.3.2 Sample preparation

Live tilapia (Oreochromis niloticus) with an average weight of 400 - 600
g were purchased from the fish market in Nakhon Ratchasima, Thailand. Fish were
placed in ice with a ratio of fish to ice of 1:2 (w/w), packed in polystyrene foam boxes,
and immediately transported to the laboratory within 20 min. Upon arrival, the molten
ice was drained off and additional ice was added. All polystyrene foam containers were
kept in a cold room (4 °C) throughout the experiment and ice was replaced every 2

days. Temperature was around 0 — 4 ° C throughout the storage of 9 days. At 0, 3, 6,
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and 9 d of storage, 6 fishes were randomly taken for analyses. Skins were manually
removed, gill and flesh were also collected, the skins were washed with cold water,
and cut into small pieces using a scissor. Skin, gill, and muscle samples were

immediately stored at -70 © C until use.

3.3.3 Enzyme extraction

Each tissue was homogenized in 0.05 M phosphate buffer (pH 6.5) with
2 mM reduced L-glutathione and 0.04% Tween-20 at ratio of 1:4 (w/v) using an IKA
homogenizer (IKA Works Asia, Bhd, Selangor, Malaysia). The homogenate was
centrifuged at 15,000 g (Sorvall Legend MACH 1.6/R, Thermo Electron LED GmbH,
Lengensellbold, Germany) for 20 min at 4 °© C The supernatant was collected and
brought to 40% ammonium sulfate, stirred for 30 min and centrifuged at 15,000 ¢ for
20 min. The supernatant was then brought to 70% ammonium sulfate and stirred for
45 min. The enzyme extract was collected from centrifugation at 15,000 ¢ for 30 min.
Pellets were collected and dissolved with 0.05 M phosphate buffer (pH 6.5) with 2 mM
L-glutathione reduced (>98.0%) and 0.04% Tween-20, and dialyzed overnight against
the same buffer with two changes of the buffer. The extract produced was used and
referred to as LOX extract. The temperature was maintained between 0 - 4 °C at all
steps. Protein determination was carried out by the modified Bradford method using

bovine serum albumin (BSA) as a standard (Bradford 1976).

3.3.4 Lipoxygenase assay

LOX activity was measured by monitoring conjugated dienes. Linoleic
acid was prepared according to the method of Patel, Patel & Thakkar (2015). Linoleic
acid (45 mg) was mixed with 90 mg of Tween-20 in 1 ml of DI water. One hundred and
fifty microliters of 1 N NaOH was added and the final volume of 20 ml was brought up
with 0.05 M phosphate buffer (pH 6.5). The reaction mixture was prepared by adding
1.3 ml 50 mM phosphate buffer, pH 6.5, containing 1 mM glutathione and 0.04%
Tween-20 and 100 pl LOX extract. The reaction was initiated by adding 100 Ml of

substrate. Absorbance at 234 nm of the reaction was recorded every 30 sec. within 3
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min. One unit of LOX activity was defined as an increase in absorbance at 234 nm of

0.001 per min.

3.3.5 Peroxide value

Peroxide value (PV) was determined according to the method of
Richards and Hultin (2002). Samples (1 ¢) were homogenized in 11 ml of
chloroform/methanol (2:1, v/v). Homogenates were then filtered using a Whatman No.
1 filter paper. Two milliliters of 0.5% NaCl were added to 7 ml of the filtrate. The
mixtures were vortexed and then was centrifuged to separate the sample into two
phases. To 3 ml of lower phase, 25 ul of 30% (w/v) ammonium thiocyanate and 25 pl
of 20 mM iron (Il) chloride was added to the mixture. The reaction mixture was kept
for 20 min at room temperature prior to reading the absorbance at 500 nm. Blanks
were prepared in the same manner, except that deionized water was used instead of
ferrous chloride. A standard curve was prepared using cumene hydroperoxide at
concentrations ranging from 0.5-2 ppm. PV was expressed as mg cumene

hydroperoxide/kg sample after blank subtraction.

3.3.6 Total lipid content

Total lipid content of skin, gill and muscle was analyzed according to
Bligh & Dyer method (Bligh & Dyer, 1959). Samples (12 ¢) were homogenized with 60
ml chloroform and methanol solution (2:1, v/v) at 8000 rpm for 2 min at 4 © C using
an IKA homogenizer (IKA Works Asia, Bhd, Selangor, Malaysia). After 30 min, the
homogenates were filtered through Whatman No. 1 filter paper into a separating
funnel. Thereafter, 24 ml of chloroform, 24 ml of distilled water and 2 ml of 0.58%
(v/v) sodium chloride solution were added. The mixture was gentle shaken. After
separation, the chloroform phase was drained off into a 125-ml Erlenmeyer flask
containing about 2-5 ¢ of anhydrous sodium sulfate and was shaken very well to
remove any traces of water that might be present in the chloroform phase. The
solution was filtered through Whatman No. 1 filter paper into a pre-weighed 125-ml
Erlenmeyer flask and solvent was removed by flushing with nitrogen. The extracted

lipid was stored at -80 ° C for further analysis.
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3.3.7 Phospholipid content

Phospholipid content of extracted lipid was evaluated by a colorimetric
method as described by Chaijan, Klomklao and Benjakul (2013), based on the
formation of a complex between phospholipids and ammonium ferrothiocyanate. One
ml of thiocyanate reagent (a mixture of 0.10 M ferric chloride hexahydrate and 0.40 M
ammonium thiocyanate) was added to 2 ml of extracted lipid in chloroform solution
(0.25 mg/ml). After mixing for 1 min, the lower layer was removed and the absorbance
at 488 nm was measured. A standard curve was prepared using phosphatidylcholine

(0-0.1 mg/ml) as a standard. Phospholipid content was expressed as mg/100 ¢ lipid.

3.3.8 Fatty acid profile

Fatty acid profiles of extracted lipids from skin, gill and muscle were
determined as fatty acid methyl esters (FAMEs) using gas chromatography (GC)
according to the AOAC method (AOAC, 2010). Aliquots of the extracted lipids were
used to prepare the FAME according to the method of AOAC (2010). In brief, the sample
was mixed with 0.5 M methnolic solution (2% sodium hydroxide in methanol), heated
at 85 ° C for 30 min, cooled and extracted with 2,2,4-trimethylpentane (Isooctane).
Heptadecanoic acid (C17:0) was used as an internal standard. FAMEs were injected,
separated and identified on an Agilent/HP 7890 gas chromatograph (Agilent, Palo Alto,
CA, USA) with flame ionization detector (FID) equipped with a fused silica capillary
column (100 m x 0.25 mm x 0.2 um film thickness) (Supelco, Bellefonte, PA, USA),
using helium as the carrier gas at a flow rate of 1 ml/min. The analytical conditions
were: injection port temperature of 250 ° C and detector temperature of 270 ° C.
Retention times of FAME standards were used to identify chromatographic peaks of
the samples. Fatty acid contents were calculated, based on the peak area ratio and

expressed as ¢ fatty acid/100 ¢ lipid.

3.3.9 HS-SPME-GC/MS analysis

Each sample (gill, skin, and muscle) was cut into small pieces (0.5x 0.5
cm?) and 2 ¢ were placed in a 10 ml flat bottom headspace vial fitted with a

PTFE/silicone septum and crimp cap (Supleco, Bellefonte, PA, USA) that contained 3
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ml of saturated sodium chloride, 30 pl of internal standard (1ppm cyclohexanol) and
10 pl of 7.2% butylated hydroxyanisole (BHA). The samples were analyzed
immediately by headspace solid-phase microextraction combined with gas
chromatography mass spectrometry (HS-SPME-GC/MS). The sample was pre-incubated
at 40 °C for 10 min with agitation. Then, a SPME fiber (50/30 Jlm DVB/carboxen/
polydimethylsiloxane fiber; Supelco, Bellefonte, PA, USA) was exposed to the vial
headspace for 20 min. The fiber was desorbed by splitless injection (injector
temperature, 260°C; splitless time, 4min; vent flow, 50 mL/min) into a GC-MS system.

Analyses were carried out using an Agilent GC 7890A series instrument (Agilent
Technologies, Inc., Santa Clara, CA, USA). Compounds were separated on a fused silica
DB-wax column (60 m x 0.3 mm x 0.25 WUm) capillary column. The GC oven
temperature program was: 35° C for 3 min, followed by an increase of 3 ° C/min to 70
° C; then an increase of 10 © C/min to 200 ° C and finally an increase of 20 °C/min to
a final temperature of 250 ° C, held for 5 min. Helium, with a constant flow of 1.5
ml/min, was used as the carrier gas. Transfer line temperature was maintained at 265
° C. The identification of the volatile compounds was achieved by comparing their
mass spectra with those stored in the National Institute of Standards and Technology
(NIST) US Government library. Retention indices of all the volatile compounds were
determined by the modified Kovats method reported by Van den Dool and Kratz. MS
identification was confirmed by comparing Kovats retention indices (RI) to RI reported

in the literatures.

3.3.10 Statistical analyses

All experiments were conducted in triplicate, and the results were
analyzed by one-way analysis of variance (ANOVA). Significant differences in mean
values were analyzed by Duncan’s multiple range mean comparison test within the
95% confidence interval using All data were analyzed with the SPSS 17.0 statistical
package (SPSS Ltd., Working, Surrey, UK). Principal component analysis (PCA) of all
measured parameters were performed on means results using the XLSTAT software

(Addinsoft, New York, NY, USA).
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3.4 Results and discussion
3.4.1 LOX activity and peroxide values of various tissues

LOX activities during ice storage of muscle, ¢ill, and skin of tilapia is
demonstrated in Figure 3.1. LOX activities varied with fish tissues. A significant increase
in LOX activities was detected in gill, skin, and muscle throughout 9 days of storage (p
< 0.05). An increase in LOX activities associated with the extended storage time
indicated either the increase in extractability of LOX or the activation of LOX in fish
tissues. Gill reached its maximum level of LOX activities by 9 days of storage time with
a 3.30-fold increase. Moreover, the gill showed the highest LOX activity among other
tissues. The increasing rate of muscle LOX activity was slower than that of skin, and
reached the maximum level at the end of storage time with a 1.9-fold increase. In the
present study, ranking of LOX activity (gill > skin > muscle) agreed with the findings of
Wang et al. (2012) who reported that LOX activity of grass carp gradually increased in
the muscle and skin less than gill. At 3 days of storage time, muscle and skin showed
LOX activity increased significantly, whereas gill showed a significant increase at 6 days
of storage time. Membranes and/or subcellular structures of muscle and skin are easily
damaged, rendering an increase in LOX activity. Cao et al. (2019) reported LOX activity
of grass carp muscle increased significantly during 0-4 days of chilled storage. An
increase in LOX activities was also observed in tilapia skin, Baltic herring muscle, and
gray mullet gill (Sae-leaw et al., 2013; Samson and Stodolnik, 2001; Hsu and Pan, 1996).
Moreover, Medina, Saeed, and Howell (1999) reported that LOX activity of skin tissue
of sardine was detected for up to 2 days of chilled storage. Hsieh et al. (1988) reported
the high activity of gill LOX at near 0 °C, which is significant in the initiation of fish lipid
oxidation under refrigeration conditions. Wu, Forghani, Abdollahi, and Undeland (2022)
reported that head showed the highest LOX activity among other fractions of sorted
herring and LOX had a significant impact on the lipid oxidation susceptibility. Our

results indicate that gill is @ main source of LOX in tilapia.
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Figure 3.1 Lipoxygenase activity of various tissues of tilapia during ice storage.

Means with different superscripts differ significantly (P < 0.05) as *°

within the muscle, *® within gill, and ** within the skin.

Figure 3.2 showed changes of peroxide values (PV) (mg hydroperoxide/kg of dry
sample) of muscle, ¢ill, and skin of tilapia during ice storage. The initial PV of gill, skin
and muscle were 2.67, 3.11, and 1.48 mg hydroperoxide/kg of dry sample respectively,
which agreed with previously reported values of 1-2 meg hydroperoxide/kg sample in
tilapia muscle (Yarnpakdee et al,, 2012), and 3-5 mg hydroperoxide/kg sample in
sardine muscle (Chaijan et al., 2006). Lipid oxidation occurred during postmortem
handling and may also be influenced by muscle type, and age. Fresh fish is known to
contain peroxide which is naturally produced and can react with biological molecules.
A significant increase in PV was detected in all tissues with storage time (p<0.05),
suggesting that even at low temperatures, lipid oxidation is always active. Skin showed
the highest PV followed by gill and muscle at any storage time. PV values of skin and
gill increased by 257% and 247% at 9 days of storage as compared to day 0. Lipid
hydroperoxides are formed by either the reaction of singlet oxygen with unsaturated

lipids or the lipoxygenase-catalyzed oxidation of PUFA (Nawar, 1996). High



44

concentrations of polyunsaturated fatty acids (PUFA) were found in all studied tissues,
but ¢ill containing the highest PUFA content (Table 1). Yarnpakdee et al. (2012)
reported that the increase in PV correlated with the increased amount of non-heme
iron, which more likely acted as a pro-oxidant of lipid oxidation. Thus, the degree of
oxidation of the muscle, gill, and skin of tilapia kept for an extended time might vary
based on a variety of factors, including as the concentration of unsaturated fatty acids,
the type and amount of iron, and other pro-oxidants. These lipid oxidation products
were detected in the tissues and could have contributed to quality degradation,
particularly in fish with an unpleasant flavor. In this study, changes of LOX activity
doses not correspond with PV. LOX activity was highest in gill, but PV was highest in
skin. It might be that LOX are not the main factor in lipid oxidation. The extent of lipid
oxidation can be influenced by various factors, including oxygen consumption, the
concentration of prooxidants, pH, temperature, and fatty acid content, which affect

skin more than sill tissue.
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Figure 3.2 Peroxide values of various tissues of tilapia during ice storage. Means
with the different superscripts differ significantly (P < 0.05) as ° within the

muscle, *® within gill, and ** within the skin
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3.4.2 Changes of fatty acids at various tissues during ice storage

Changes in the content of various fatty acids in different tissues of tilapia
could indicate the extent of lipid oxidation. Changes of fatty acids during ice storage
of muscle, gill, and skin and of tilapia are listed in Table 3.1. Gill showed the highest
fatty acid contents followed by skin and muscle. A decrease in fatty acid was detected
in all tissues at day 9 of storage time (p<0.05). Lipid oxidation is likely to be a main
reason for the decrease in fatty acids, which coincided with an increase in PV content
(Fig. 3.2). Moreover, activation of lipoxygenase is believed to have caused such
decreases in fatty acids (Joaquin, Tolasa, Oliveira, Lee, and Lee, 2008). However, Sae-
leaw et al. (2013) reported that fatty acid content of tilapia skin increased significantly
during 18-day storage. It was possibly due to lipase activity and phospholipase activity.
Gill and skin showed a decrease in > MUFA and > PUFA in the first 3 days, whereas
muscle showed a decrease in 6 days (p<0.05). Skin showed the highest rate of decrease
in ¥ MUFA and > PUFA among other tissues, coinciding with the highest PV. The
decreasing rate of YPUFA was higher than >MUFA in all tilapia tissues studied, indicating
that a high degree of unsaturated lipid were easily oxidized. Lipid oxidation includes
autooxidation and enzymatic oxidation. LOX is a significant endogenous enzyme
related to free fatty acid oxidation in fish (German, Chen, and Kinsella, 1985). In our
study, palmitic acid as the predominant saturated fatty acid (SFA), oleic acid is highest
monounsaturated fatty acid (MUFA), whereas linoleic acid (LA) and docosahexaenoic
acid (DHA) are the main polyunsaturated fatty acid (PUFA) in all tilapia tissues. Xu et
al. (2019) reported that unsaturated fatty acid in silver carp mince, particularly PUFA,
significantly decreased during cold storage. Since the whole fish were stored in ice,
LOX from intracellular might be released and initiated lipid oxidation, converting DHA
and EPA into more polar products (German and Kinsella, 1985). Mori, Cho, Endo, and
Fujimoto (1992) found LOX in sardine skin oxidized linoleic acid more efficiently than
arachidonic acid and EPA. LOX in mackerel gill exhibited the highest reactivity toward
EPA followed by arachidonic acid and linoleic acid (Hong, Shim, and Byun, 1994). LOX
in rabbit fish muscle with an arachidonic acid (ARA) substrate specificity contributes to
volatile lipid oxidation products that explain the unpleasant smell of rabbit fish

(Jiarpinijnun et al., 2022). Wu et al. (2022) reported that LOX had a significant impact
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on lipid oxidation susceptibility, although the quantity of lipids or polyunsaturated
fatty acids had no significant correlation.

3.4.3 Changes of volatile compounds

Figure 3.3 shows GC-MS chromatograms obtained from the SPME
analysis of muscle, gill, and skin from tilapia at day 9 of ice storage. Twenty-seven
volatile compounds were identified in muscle followed by 45 compounds in gill and
30 compounds in the skin (represented by relative content %), grouped by chemical
families (Table 3.2): alcohols, aldehydes, ketones, furans, acid, ester, hydrocarbons,
and aromatic compounds. In our study, the majority of these compounds showed
significant statistical difference (p<0.05) after ice storage compared to initial values,
indicating that ice storage affects the volatile nature of tilapia.

Alcohols were found to be the compounds showing the highest peak areas
during ice storage in muscle, ¢ill, and skin. Among them, 1-hexanol showed the highest
level in the muscle and skin at the end of storage.1-Hexanol has been reported as a
major volatile compound of fish, derived from the degradation products of oleic acid
and palmitic acid, which were the major fatty acids in tilapia tissue. Whereas, 1-octen-
3-ol and 1-nonanol showed major alcohols in sgill. 1-Octen-3-ol is an important
contributor to off-flavor in fish due to its low odor score and generated from the
oxidation of arachidonic and eicosapentaenoic acids (EPA) by cill lipoxygenase and
degradation of linoleic acid hydroperoxide (Hsieh and Kinsella, 1989; lglesias et al.,
2009; and Mu et al., 2017). Jiarpinijnun et al. (2022) reported that 1-octen-3-ol was the
main volatile compound associated with the unpleasant smell in rabbit fish generated

from the reaction of LOX and arachidonic acid (ARA).



Table 3.1 Fatty acid compositions of muscle, ¢ill, and skin from Nile tilapia during iced storage.

ar

Fatty acids Muscle Gill Skin
(mg/ g of

dry sample) O day 3 days 6 days 9 days O day 3 days 6 days 9 days O day 3 days 6 days 9 days
Cc10:0 ND ND ND ND ND ND ND 0.06 = 0.01 ND ND 0.01 = 0.01 0.01 = 0.02
ci1:0 ND ND ND ND ND ND ND ND ND ND 0.01 = 0.02 0.01 = 0.01
ci2:0 0.29 = 0.02 0.26 = 0.01 0.27 = 0.02 0.29 = 0.01 1.04 = 0.04 0.95 + 0.04 0.8 = 0.02 0.84 + 0.07 0.48 = 0.07 0.38 = 0.04 0.34 = 0.02 0.27 = 0.02
Cc13:0 ND ND ND ND ND ND ND ND ND ND ND ND
c14:0 2.45 + 0.17 2.31 = 0.13 1.88 = 0.19 2.25 +x 0.17 9.29 = 0.49 8.47 = 0.99 7.72 £ 0.31 6.53 = 0.49 3.94 = 0.76 2.73 £ 0.34 2.81 = 0.13 2.04 = 0.19
Cci15:0 0.14 = 0.02 0.21 = 0.01 0.1 = 0.02 0.12 = 0.01 0.55 = 0.04 0.57 = 0.04 0.42 = 0.06 0.46 = 0.03 0.23 = 0.05 0.18 = 0.02 0.16 = 0.01 0.12 = 0.01
Cci16: 0 21.51 = 0.68 21.67 = 0.22 18.17 + 0.86 20.49 = 1.4 81.6 + 1.54 73.44 x 1.46 63.58 = 0.84 62.29 = 2.02 36.09 + 7.35 23.99 = 2.61 22.9 =+ 0.61 17.78 =+ 0.63
Cci7:0 4.87 = 0.07 4.32 = 0.14 4.64 = 0.06 2.98 = 0.02 16.34 = 0.31 14.52 + 0.5 11.9 = 0.37 17.24 =+ 0.35 6.62 = 0.05 7.09 = 0.12 6.92 = 0.1 5.86 = 0.13
ci8:0 5.63 = 0.56 5.17 = 0.19 4.56 = 0.21 5.13 = 0.41 22.6 = 1.35 18.16 = 0.88 14.98 = 0.3 15.72 = 0.76 9.89 x 2.18 5.98 = 0.51 5.55 + 0.14 4.58 = 0.24
c20:0 ND ND ND ND ND ND ND 0.53 = 0.01 ND 0.79 = 0.07 0.81 = 0.06 0.6 = 0.04
c21:0 0.21 = 0.05 0.23 = 0.03 0.18 = 0.02 0.16 = 0.03 0.87 = 0.03 0.76 = 0.07 0.62 = 0.12 0.29 = 0.03 0.34 = 0.02 0.12 = 0.02 0.11 = 0.02 0.09 = 0.01
c22:0 0.09 = 0.02 0.07 = 0.01 0.06 = 0.02 0.07 = 0.01 0.25 + 0.04 0.31 + 0.08 0.27 = 0.02 0.04 + 0.07 0.08 = 0.06 0.78 = 0.06 0.75 = 0.03 0.61 = 0.07
c23:0 ND ND ND ND ND ND ND ND ND ND ND ND
c24:0 0.65 = 0.05 ND ND 0.31 = 0.15 ND ND ND ND 0.76 = 0.1 ND ND ND
SSFA 35.8 + 1.58° 34.21 + 0.7°° 29.83 + 1.36% 31.76 = 2.18%° 132.52 =+ 2.189 117.15 + 1.75° 100.26 = 1.85° 103.93 + 2.05% 58.4 + 10.62° 41.99 = 3.75% 40.34 = 1.11% 31.92 + 1.32%
Cci14 : 1 0.12 = 0.01 0.13 = 0.01 0.08 = 0.02 0.11 = 0.01 0.41 = 0.06 0.38 = 0.04 0.36 = 0.04 0.34 = 0.04 0.18 = 0.02 0.13 = 0.02 0.15 = 0.02 0.11 = 0.01
Cci5: 1 ND ND ND ND ND ND ND 0.04 = 0.04 0.00 = 0.00 0.00 = 0.00 0.04 = 0.03 0.01 = 0.01
Cci16: 1 4 + 0.15 4.7 = 0.2 3.71 = 0.42 3.95 + 0.4 14.44 = 0.65 14.17 = 0.79 12.49 = 0.12 12.43 = 0.84 6.57 = 1.27 4.46 = 0.54 4.6 = 0.29 3.47 = 0.18
Cci7 : 1 0.14 = 0.02 0.21 = 0.04 0.16 = 0.05 0.13 = 0.01 0.51 = 0.08 0.62 = 0.11 0.46 = 0.03 ND 0.24 = 0.03 ND ND ND
Cc18 : 1n9t 0.46 = 0.06 0.23 = 0. 0.19 = 0.05 0.38 = 0.06 1.45 = 0.14 1.11 =0.11 0.67 = 0.06 0.72 £ 0.42 0.68 = 0.08 0.35 = 0.04 0.37 = 0.02 0.16 = 0.14
C18 : 1n9Sc 32.24 = 0.19 31.9 + 0.53 29.53 =+ 0.87 28.31 = 2.01 113.6 = 1.36 108.52 += 2.73 92.91 = 1.74 88.48 = 2.14 51.32 =8.77 32.86 = 2.88 31.31 = 1.31 24.83 = 0.99
c20: 1 1.1 + 0.07 0.99 = 0.02 0.96 = 0.07 0.99 = 0.04 3.67 = 0.35 4.15 + 0.2 2.94 + 0.09 2.41 + 0.11 1.88 = 0.34 1.77 = 0.18 1.57 =+ 0.06 1.02 = 0.31
Cc22: 1n9 0.19 = 0.01 0.11 = 0.03 0.09 = 0.04 0.16 = 0.01 0.67 = 0.02 0.69 = 0.14 0.46 = 0.04 0.67 = 0.03 0.28 = 0.05 0.13 = 0.02 0.12 = 0.01 0.09 = 0.01
c24 : 1 ND 0.72 = 0.06 0.34 = 0.05 ND 1.96 = 0.08 1.2 = 0.16 1.13 = 0.07 0.21 = 0.02 0.00 = 0.00 0.07 = 0.01 0.08 = 0.01 0.07 = 0.02
ZMUFA 38.23 = 0.47° 38.96 = 0.91° 35.03 + 1.54% 33.98 + 2.52% 136.67 = 1.85¢ 130.8 + 2.22° 111.39 = 1.84° 105.26 + 2.42? 61.11 + 10.53° 39.74 = 3.66"° 38.19 = 1.71°° 29.73 + 1.63%
C18 : 2n6t ND ND ND ND ND ND ND 0.08 + 0.06 0.00 = 0.00 0.03 = 0.03 0.04 = 0.04 0.02 = 0.02
C18 : 2n6¢C 14.75 = 0.89 14.24 = 0.17 13.23 = 0.77 12.99 = 0.15 48.99 = 1.32 50.31 = 1.23 40.14 = 0.39 39.4 = 1.73 22.8 = 3.89 15.72 = 1.41 13.38 = 1.5 10.99 = 0.57
C18 : 3n6 1.38 = 0.14 1.3 = 0.09 0.63 = 0.02 0.79 £ 0.1 4.64 = 0.41 3.4 £ 0.22 2.26 = 0.23 2.04 £ 0.1 1.67 = 0.42 0.21 = 0.02 0.18 = 0.01 0.14 = 0.01
c18 : 3n3 1.5+x0.11 1.23 = 0.04 1.08 = 0.1 1.33 = 0.09 5.1 +0.28 4.57 £ 0.12 3.92 £ 0.13 3.28 £ 0.2 2.3 x+£0.34 1.33 +£0.12 1.17 = 0.05 0.9 = 0.06
Cc20:2 0.73 = 0.05 0.64 = 0.01 0.63 = 0.05 0.64 = 0.03 2.43 £ 0.1 2.29 £ 0.15 1.83 = 0.07 2.03 = 0.07 1.05 = 0.18 0.06 = 0.01 0.06 = 0.01 0.26 = 0.26
C20 : 3n6 0.79 = 0.07 0.77 = 0.03 0.58 = 0.06 0.72 = 0.03 2.43 = 0.21 2.04 = 0.15 1.64 = 0.08 2.2+0.11 1.07 = 0.19 ND ND ND
C20: 3n3 1.03 = 0.14 1.19 = 0.05 0.54 £ 0.1 1.01 = 0.01 3.06 = 0.1 3.19 = 0.42 2.35 +x0.12 0.32 = 0.01 1.7 £ 0.32 0.29 = 0.03 0.26 = 0.02 0.19 = 0.02
C20 : 4n6 0.11 = 0.01 0.12 = 0.02 0.06 = 0.01 0.11 = 0.01 0.43 £ 0.13 0.34 = 0.08 0.3 = 0.04 2.46 = 0.22 0.16 = 0.02 1.06 = 0.05 1.23 = 0.02 0.87 = 0.05
c22:2 ND ND ND ND ND ND ND 0.14 = 0.05 ND 0.04 = 0.01 0.05 = 0.01 0.04 = 0.01
C20 : 5n3 0.09 = 0.02 0.14 = 0.02 0.09 = 0.02 0.12 + 0.04 0.38 £ 0.1 0.38 = 0.07 0.22 + 0.04 0.74 = 0.07 0.19 = 0.07 0.19 = 0.02 0.18 = 0.01 0.16 = 0.04
Cc22 : 6n3 1.58 =+ 0.08 1.41 =0.12 0.65 = 0.22 1.33 &= 0.08 4.71 = 0.18 4.88 = 1.24 2.11 = 0.17 3.08 = 0.23 3.8 = 1.95 1.25 =+ 0.08 1.18 = 0.01 0.84 = 0.05
ZPUFA 21.92 + 1.48° 20.98 + 0.53° 17.46 = 1.3% 19.02 + 0.51% 72.13 + 1.32° 71.37 = 0.71° 54.75 + 0.51% 55.72 + 2.57% 34.7 + 7.35° 20.14 + 1.74° 17.69 + 1.64%° 14.37 + 1.04%

"SFA, Saturated fatty acids; MUFA, Monounsaturated fatty acids; PUFA, Polyunsaturated fatty acids.

*d Mean values in the same row with different superscripts differ significantly (P < 0)
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and gill (c) from Nile tilapia at day 9 of ice storage.

Representative GC-MS (full scan) chromatogram of muscle (a), skin (b),
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(b), and gill (c) from Nile tilapia at day 9 of ice storage. (Continued).
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Representative GC-MS (full scan) chromatogram of muscle (a), skin

A significant increase in 1-penten-3-ol and 2-penten-1-ol was detected in gill,

skin, and muscle at day 9 of storage (p<0.05, Table 3.2). An increase of 1-penten-3-ol

can be explained by lipoxygenase acting on EPA and hydroperoxide lyases, which is

used as a marker of lipid oxidation in chilled Atlantic horse mackerel muscle (Iglesias

and Medina, 2008). The increase of 2-penten-1-ol can be explained by oxidized lipid,

which was the most potent odorant of raw sardine (Prost et al., 2004). 3-Methy-1-

butanol was identified in muscle, gill, and skin of tilapia with the increase of storage

time (p<0.05). Similar trend has already been observed in previous studies, which

caused an unpleasant smell and was derived from oxidative deamination of leucine

by spoilage bacteria (Wang, Chen, Zhang, Wang, and Shi, 2019).
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Table 3.2 Relative amount of volatile compounds detected by HS-SPME-GC/MS in tilapia during ice storage.

Compound name by class RIL pe  Musde Gt Skin

0 3 6 9 0 3 6 9 0 3 6 9
M)
1Butaml 1158 56 043£006° 0BT 056:00F  049:009% 0.102001 0.1£0.01 0112007 0.32002 ND ND ND ND
1-Penten-30l 1166 1169 1.56+020° 208023 432020 3972038 4072038 5114085 7912063 529£1.112 227+ 046° 226063 127£0.042 5322095
1Butanal, 2-methyl- 1205 ni ND 025007 ND 0182001 0.14£002 0152004 013003 0082001 ND ND ND ND
1Butanol, 3-methyl- 1208 ni2 015 = 0.00° 0.11+001° D 0322008 005£ 0012 00620002 0.10£ 001 030001 0402005 05007 0940112 THBLOTP
1Pentanol 1259 57 1642075 517072 3589049 468096 3712037 3482022 478208 555112 1912 0.06° 1872028 2122005 319032
2Penten-10l, (74 1325 134 084 =0.02° 049003 088007 1472023° 106018 1092017 1362006 1892036 022006 038200% 0252000 0.78£ 003
1-Hezano 1339 1358 471" 34672438 2571246 769+0.10° 9052319 7672107 79714 674179 7052 1.66% 7602 11% 4702045% 386018
3Hemen 4, (Z)- 1387 1387 ND ND ND ND 0.12£003 0.1£0.01 0182002 0112002 ND ND ND ND
3 Heptarol, 6-mett- 1398 1397 ND ND ND ND 016014 012£0.012 0.10£ 001 012:0.012 ND ND ND ND
1-0cten-3-0l 1456 1“3 479070 508163 3092059 4512069 40.30 £ 14.09 FTUBSH 023792 PN 351013 640082 4272066 4812061
1Heptznol 1461 1461 1.01£010° 108 £0.14° 0.5920.06" 0.51 0.10° 0472019 0432011 0432003 0282010 1.02£0.10® 107£0.19 064015 09011
1 Hemandl, 2-ethyl- 1497 1494 0942012 222070 192013 1782063 0322007 0252002 0362001 0262006 4012091 404120 5.36= 101 299045
2Hepten-10l, (E)- 1517 1516 ND ND D ND 0.1£008 ND ND ND ND ND ND ND
1-Octznol 1558 1564 146036 1.82+0.50 1.88+0.03 126011 04013 039£0.08° 032001 0241005 1902023 1700192 1152007 1782016
3Cyelohesen-1-ol, 1-methyl-4{1-methwletind)- 1382 1585 ND ND D ND ND ND ND ND ND ND 107019 ND
2-Octen-1-dl, (E}- 1626 1631 ND ND ND ND 5642138 787163 617090 799:123 ND ND ND ND
1Norznol 1666 1668 ND ND ND ND 005507 01120022 142019 00420012 083£025¢ 051013 ND ND
Midydes®)
Butaral, 2-methyl- 910 %09 ND ND ND ND 0112002 ND ND 0352001 ND ND ND 630102
Butaral, 3-methyl- 908 513 ND ND ND ND ND ND ND 0690.11 ND ND ND TR£13%
Hexaml 1078 107 2452057 1.53 £020° 1582160 2894248 27320248 283£0.112 2BE01F 48920520 192£0.182 197028 168£0.20° 43552066
Heptaral 1182 183 189+038% 2072019 0.88 £0.09° 0872025° 016£00F 025£0.09% 0.16£00% 033:0.10° 107402 100£0.222 0440022 1882024
Octaral 1201 1286 075007 1842038 0582007 0372006 014003 0192005 0.10£ 008 01320.012 03025 107£0.13 056008 1202041
Noraral 1397 1392 4152030° 4552041° 171£026 2612055° 039010k 011002 032008 05520.12¢ 3352067 3352043 2190452 517098
2-Octenl, (E)- 1413 1429 ND ND ND ND 0852008 1132024 036007 0742016 ND ND ND ND
Benraldehyde 1520 1525 ND ND ND ND 024003 059 0.042 024 7512057 0,64 0.09 0522006 045£0.042 1742033
2 Norenl, (EF 1538 1540 ND ND ND ND 0.1£001 01320038 ND 006 0.01a ND ND ND ND

Values are means + standard deviations of three individual samples. Mean values with different superscript across the column are significantly different (p> 0.05).

ND, Not detected; RIL, retention index; RIC, retention indices and their mass spectra with NIST mass spectral library.



Table 3.2 (continued)

Compound name by class RIL pc  Ausde Gil Skin

0 3 6 9 0 3 6 9 0 3 6 9
Kews®
2 Butanore 904 €00 049008 0472008 ND ND 0.14 £002 01520.08° ND 009 0.01% ND ND ND ND
3 Pertanore 974 971 083001 149007 081+011° 3152032 0762007 071008 0982 0.03 307£106 ND ND ND ND
2 3 Pertanedions 1054 1035 0782012 0632002 1.03£0.19 1.05+0.14 011=018 0142 0.00° 023003 037£0.05° ND ND ND ND
2Heptanore 1184 1181 0272003 035001 0372003 0282006 0.18£008 0132001 015£0.01 0.16 003 ND ND ND ND
2 Heptanore, 6-metiyl- 137 1236 ND ND ND ND 0152004 0122002 ND ND ND ND ND ND
3-0ctanone 1253 13 026 0.01° 026006 ND 031£002° 120+ 047 118£0.19% 0.96 = 0.16¢ 13552029 0232003 0322004 ND 0312008
Cyclohemamne 1285 ne 19£01%° 212042 255019 3342054 022£005 03008 044002 055£0.12¢ 215£0.15° 3452026 366=0.16° 691014
1Hepten-3ome 1298 1% ND ND ND ND 125£023 1.16£0.00 109£0.18 0752007 ND ND ND ND
Ras@
Fuman, 2-efyl- 94 Hg ND ND ND ND 0422014 0610.09° 0371003 055£0.15% ND ND ND ND
Fuman, 2-pentyl- 12531 3 ND ND ND ND 0.13£002 0142002 011:0.02 0.132001 ND ND ND ND
add
Butyrolactone (Butanoic acid, +hydroxy-) 1633 1637 121008 035008 041007 1084011 0.18£0.10 0072001 010£0.02 0.10001 166 0.14° 0.54£001° 057004 090013
Ber®)
Hexanoic acid, efi ester 1233 03 ND ND ND ND 011004 0.09:001 006 0.01 0.15£002 ND ND ND ND
24-Octadiens 925 925 ND ND D ND ND 0,070,002 ND 020£0.05¢ ND ND ND ND
Decanz 1000 %99 0.76=0.08° ND ND ND 01008 009 0.00¢ 02002 0212004t 5324054 2.10£ 042 252£0.15 467097
13-4rams, 5is -Octatrisns 1097 1096 ND ND ND ND 0342007 036=0.05 038 2 0.06 031=0.10% ND ND ND ND
Dodecane 1120 1197 ND ND ND ND ND ND ND ND 196<0.36 101£01% 1142012 363 08¢
Pentadecare 1500 1498 0532006 146+023° 4924028 3182051° 21=00% 029 0.08 050 £ 016 034£0.08 1132017 2512058 6742057 837142
Aromaficcompounds 6)
Berzene 938 %2 ND ND ND ND 038010 0272008 0342004 034007 ND ND ND ND
Trichloromethane 1015 1015 2017+429 2542+857 1649206  2256+1186 050£0.14 4432 1.06° 2862025 093£0.10¢ 46852308 4385015 4162£1087 368054
Toluere 1037 1026 1432079 365018 10872226 5142062 1172034 046 0.05¢ 3322106 33751048 791050 5.57= 03¢ UH2TF 9.14 £ 065
Stymme 1256 1251 0142008  0522005%  075:017  027:001® ND ND ND ND 02520.02¢ 112016 1212019 102£00%
Berzere, 12 4-trimethyl- 1275 nH ND ND ND ND ND ND 0.04 2 0.00° 020 0.00° 0322 0.02° 042 £ 005 030 0.01% 1132029
Benzene, 1 4-dichloro- 1446 1443 ND ND ND ND ND ND ND ND 1182 0.06° 0.92£ 015 1092021 ND

Values are means + standard deviations of three individual samples. Mean values with different superscript across the column are significantly different (p> 0.05).

ND, Not detected; RIL, retention index; RIC, retention indices and their mass spectra with NIST mass spectral library.
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Aldehydes are essential compounds giving characteristic odors, both pleasant
and unpleasant, to foods. Their odor threshold values are typically lower than those
of alcohols. As a result, even trace levels of aldehydes have the potential to dominate
flavor of other compounds (Wang et al,, 2019). 3-Methylbutanal and benzaldehyde
were detected in gill and skin with the highest concentration at day 9. They are likely
to produce from Strecker degradation of leucine and phenyl glycine, respectively (Mu
et al,, 2017). The predominant aldehydes found in tilapia tissues are hexanal, heptanal,
and nonanal. Hexanal was mostly derived from the oxidation of linoleic acid (Kawai,
1996) and related to degradation of volatile compounds namely (E)-2-octenal
(Josephson and Lindsay, 1987; Koelsch, Downes, and Labuza, 2006), and the levels of
lipid oxidation and flavor production were reflected by its contents. Our findings are
remarkably similar to those of Miyasaki, Hamaguchi, and Yokoyama (2011) who
reported that hexanal in fish meat was detected early on and that the concentration
of hexanal rapidly increased during ice storage. 3-Methylbutanal and hexanal both
contribute to the smell of rabbit fish skin, muscle, viscera, and stomach contents
(Jiarpinijnun et al, 2022). Heptanal and nonanal are generated from the oxidation of
oleic acid and linoleic acid. Heptanal is the major volatile compound detected in the
Asian seabass muscle and has been provided as an indicator of flavor deteriorations
for fish products (Magsood and Benjakul, 2011; Augustin, Sanguansri, and Bode, 2006).
Another detected compound, (E)-2-octenal and (E)-2-nonenal which are produced by
LOX on arachidonic acid. Nonanal, octanal, and (E) -2-octenal were the most powerful
contributors to the fishy odor of tilapia (Liu, Hu, and Li, 2014).

The main ketone identified in our study is cyclohexanone. Enzymatic
degradation of polyunsaturated fatty acids, amino acids, or microbial oxidation
generate ketones (Survey, Pan, and Sahidi, 1998). Gill had the highest concentrations
of ketone compounds, followed by the muscles and skin. 2,3-Pentanedione was
identified in gill and muscle. Iglesias and Medida (2008) reported that 2,3-Pentanedione
as an indicator of lipid oxidation in chill fish muscle.

Furan compounds were detected and identified only in the gill of tilapia
including 2-ethyl furan and 2-pentyl furan. Furans and their derivatives could be
produced through the oxidation of fatty acids. A mechanism for the formation of 2-

ethylfuran in fish muscle has previously been proposed (Medina et al., 1999), including
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omega-3 fatty acid B—oxidation to generate conjugated dienes radicals, which can react
with oxygen to produce vinyl hydroperoxides; cleavage of vinyl hydroperoxide results
in the formation of an alkoxyl radical, which proceeds cyclization, to form 2-ethylfuran
(Medina et al,, 1999). 2-Ethylfuran was detected to be the highest concentration after
3 days of ice storage. 2-Ethylfuran has been reported previously in hilsa and was found
to be highest after ice storage of 168 h, indicating that the unfavorable fishy odor
increased during storage due to lipid oxidation (Ganguly, Mahanty, Mitra, Raman, and
Mohanty 2017; Leduc et al., 2012). 2-Ethylfuran has been considered to contribute to
the distinctive sardine-fishy odor (Prost et al., 2004). Besides 2-ethylfuran, 2-pentylfuran
is a well-known autoxidation product from linoleic acid and has low threshold values
(Giri et al., 2010). 2-Ethylfuran and 2-pentylfuran were the main contributors to the
aromatic flavor of the short-necked clam hydrolysate (Chen et al., 2016).

Hydrocarbons and aromatic compounds were also identified in our study.
Although their presence has been reported in a variety of fish, the origin of these
compounds has not been fully elucidated (Ganguly et al., 2017; Iglesias and Meida,
2008; Wang et al, 2019). Hydrocarbons had high sensory thresholds, thus they
contribute less to the overall odor formation of fish (Zhou, Chong, Ding, Gu, and Liu,
2016).

3.4.4 Principal component Analysis (PCA)

In_ muscle, the first two components of PCA explained 65.35% of the
variation (Figure 3.4). According to this PCA, volatile compounds were grouped by
storage time. 2- Butanone, hexanal, 1-butanol, 1-penten-3-ol, heptanal, nonanal,
pentadecane were closely related to PC1 while 3-methyl- 1-butanol, 3-pentanone, 3-
octanone, 1-heptanol were closely related to PC2. 2-Butanone and nonanal are the
major volatile compounds present in 0 day. 2-Butanone was detected in day 0 and
and disappeared after 3 day of storages, while nonanal was detected and its quantities
decreased with increasing time period of storage. Nonanal contributes to fatty, green,
fish-like odors and is found in some fish species, especially freshwater species (Jones
et al., 2022). Thus, 2-butanone and nonanal can be considered a freshness indicators
of tilapia muscle. 1-Penten-3-ol, hexanal and 3-methyl-1-butanol are the major volatile
compounds present in day 9, which showed positive correlation and their relative

quantities increased with increasing time storage (p < 0.05). 1-Penten-3-ol is established
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when lipoxygenase reacts with EPA and hydroperoxide lyases which is used as a marker
of lipid oxidation in Atlantic horse mackerel (Iglesias and Medina, 2008). Linoleic acid
was primarily oxidized to produce hexanal (Kawai, 1996). According to Miyasaki,
Hamaguchi, and Yokoyama (2011), hexanal was detected early in fish meat, and its
concentration increased rapidly during ice storage. 3-Methyl-1-butanol has an offensive
odor and is derived from the oxidative deamination of leucine by bacteria
predominately responsible for spoilage (Wang, Chen, Zhang, Wang, and Shi, 2019). In
this study, these compounds were potential markers for measuring the degree of lipid
oxidation in tilapia muscle.

In gill, the principle component 1(PC1) explained 37.62% and principle
component 2 (PC2) explained 20.28% of total variance (Figure 3.5). According to this
PCA, volatile compounds were grouped according to storage time, which appeared in
three quadrants: 6 days; 0 day and 3 days; 9 days. The volatile compounds 2-methyl-
butanal, 3-methyl-butanal, 2,4-octadiene, 3-pentanone, decane, 2,3-pentanedione,
hexanal, heptanal, 6-methyl-2-heptanone, 3-octnone, 1-pentanol, 1,2,4-trimethyl
benzene, cyclohexanone, 2-penten-1-ol, nonanal, 1-haptanol, benzaldehyde, 1-
octanol were closely related to PC1 while 2-butanone, 1,3-trans,5-cis-octatriene, 1-
penten-3-ol, 3-methyl-1-butanol, 2-pentyl-furan, octanal, 3-hexen-1-ol, 6-methyl-3-
heptanol, pentadecane, 2-nonenal were closely related to PC2. The most abundant
volatile compounds in the third quadrant are 6-methyl-2-heptanone and 2-nonenal (0
day and 3 days). These volatiles were detected between 0 and 3 days and were no
longer detectable after 3 days of storage. 2-Nonanal is generated by LOX on
arachidonic acid and contributes to tilapia's fishy odor (Qian, Fei, and Fan, 2012).
Therefore, these can be regarded as indicators of the freshness of tilapia gill. 3-Methyl-
butanal, 2,4-octadiene and hexanal are the major volatiles present in day 9 which
showed positive correlation with each other. As a result, these volatiles could be used
to track the lipid oxidation of tilapia gill during ice storage.

In skin, the first two components of PCA explained 74.69 % of the variation
(Figure 3.6). According to this PCA, volatile compounds were grouped by storage time.2-
Methylbutanal, 3-methylbutanal, hexanal, 1-penten-3-ol, heptanal, 3-methyl-1-
butanol, 1-pentanol, cyclohexanone, 2-penten-1-ol, nonanal, benzaldehyde were

closely related to PC1. While 3-octanone, 1-heptanol, 1-octanol, 3-cyclohexen-1-ol,
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butyrolactone, 1-nonanol were closely related to PC2. The PCA biplot revealed the
correlation between various volatile compounds and also explains the overall variation
in the data sets. 1-Heptanol and 1-nonanol are the major volatile compounds present
in day 0 and 3. These two compounds detected in day 0 and their relative quantities
decreased as ice storage time increased. While 1-nonanol disappeared after 3 days of
storage, suggesting it as freshness indicator for tilapia skin. 2-Methylbutanal, 3-
methylbutanal, hexanal, 1-penten-3-ol, heptanal, 3-methyl-1-butanol,2-penten-1-ol,
and nonanal are the major volatiles, showing in day 9. 2-Methylbutanal and 3-
methylbutanal were detected at 9 days of storage and they are produced from
Strecker degradation of leucine (Mu et al, 2017). Hexanal, 1-penten-3-ol, heptanal, 3-
methyl-1-butanol,2-penten-1-ol, heptanal and nonanal appeared after 0 day of
storage, and their amount increased with storage time.

The first two components of PCA explained 65.64% of the variation (Figure 3.7).
The muscle, gill and skin are clearly separated in different quadrants. The skin sample
was characterized by peroxide values and the main volatile compounds, namely 1-3-
methyl butanol, and 2-methyl butanal, which increased with the storage time. It should
be noted that the effect of storage time on the measured parameters is well correlated
for the skin sample. Our study suggests that the skin should be a target tissue for
monitoring freshness quality of tilapia during ice storage. The cill was characterized by
LOX activity, PUFA contents, and volatile compounds, particularly furan, 2-pentyl-, 2-
octenal, 3-heptanol, 6 methyl-, and 2-octen-1-ol. The skin and muscle samples are
positioned in the opposite PCA quadrant from the gill sample, indicating lower levels
of PUFA contents, LOX activity, and associated volatiles in muscle. Our study indicates
that gill is the main tissue of lipid oxidation induced by LOX during ice storage. Furan,
2-pentyl-, 3-heptanol, 6-methyl-, 2-octenal, (E)-, 1-octen-3-ol and 2-octen-1-ol are the

main volatile compounds in tilapia gill.
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Figure 3.6

Biplot (axes F1 and F2: 74.69 %)

10 -
3-Cyclohexen-1-ol, 1-methyl-
4-(1-methylethyl)-
8 1
Pentadecane
6 1
6 days
4 6days e 1-Octgn-3-ol
= 2-ethyl-1-hexanol 6 days
o\ Cyclohexanone
< 2 ol
I-rt\l? 1-Pentanol 9 days
S o — L Pytoh &etyt
o 3days ¢3days _— Butangld% ethyl
3 da;/s Hexanal Butanal, 3-methyl-
2 T Benzaldehyde
1-Penten-3-ol
Odaw %
-4 0day T Nonanal
1-Hexanol Octanal Heptanal
-6 4
8 1-Nonanol v Heptanﬁutyrolacgne 18 Octaﬁo ctanone
-8 -6 -4 -2 0 2 4 5 3

F1 (52.15 %)

10

58

Principal component analysis (PCA) biplot of volatile compounds present in skin of tilapia in different storage times

assessed by SPME-GC/MS.



59

Biplot (axes F1 and F2: 65.64 %)
10 T
8 PV |
s9 1-Butanol, 3-methyl-
6 @Butanal, 2-methy® 1
4 Cyclohexanone [ Benzaldehyde 2-Octen-1-ol, (E)-
S LOX PUFA 3-Heptanol, 6-methyl-
/\c? 2 1-Hexanol, 2-ethyl-SO | 2-Octenal, (E)- G9
S . G6  Cd
O 0 y-Butyrolactone _ / : l:llr:\nyq_pnntyl_ GO
2 Nonanal
~ Octana
N - . 2-Penten-1-ol, (2)-
-2 1-Octanolt HEptanOIHeptanal @
6@
4 O.JVI Ma. A = 1-Butanol, 2-methyl-
l\% el 3-Pentanone
2{Butanone 1-Pentanol
-6 [T
1-Hexanol
8 2,3-Pentanedione 1-Butarjol  2-Heptanone
-10 e L A
-8 -6 -4 -2 0 2 4 6 8
F1 (46.10 %)
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times 0, 3, 6 and 9 days. Each point is the average of three measurements of samples from a batch of three fishes.

LOX, lipoxygenase activity; PV, peroxide value; PUFA, polyunsaturated fatty acids.
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3.5 Conclusions

Lipid oxidation of tilapia differed among body parts. During prolonged ice
storage, the gill of tilapia was the most prone to lipid oxidation. Free fatty acid
composition decreased as the storage time was extended. The activity of LOX was
relatively high during storage and LOX could catalyze oxidation of free fatty acids,
suggesting that it was an important enzyme to promote volatile substances. The
majority of volatile compounds exhibited statistically significant differences during ice
storage when compared to their initial values, indicating that ice storage affected the
volatile nature of tilapia. According to the PCA, 2-butanone and nonanal in muscle, 6-
methyl-2-haptanone and 2-nonanal in gill, and 1-haptanol, and 1-nonanol in skin have
the potential to be used as freshness indicators and hexanal was used to track the
lipid oxidation of tilapia during ice storage. To preserve the quality of tilapia, gills

should be removed prior to ice storage and filleting.
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CHAPTER IV
STUDY ON LIPOXYGENASE ACTIVTY IN TROFICAL FISH AND
SURIMI: PARTIAL PURIFICATION AND
CHARACTERIZATION OF LIZARDFISH
(Saurida tumbil) GILL

4.1 Abstract

LOX activity of major tropical fish used for surimi production, including threadfin
bream, lizardfish, and goatfish were followed in gill, skin, and muscle. The highest LOX
activity of 376.56 U/mg protein was found in lizardfish gill, whereas the highest LOX
activity in skin and muscle was found in threadfin bream of 60.67 and 137.04 U/mg
protein, respectively. Among tropical fish, threadfin bream showed the highest amount
of peroxide value. Docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) are
the main polyunsaturated fatty acids (PUFA) in all tissues. Lizardfish surimi contained
high amount of DHA and EPA. Residual LOX activity of 57.85 U/g sample remained after
washing, indicating that LOX would contribute to oxidative off-flavor of surimi. LOX
was purified from lizardfish gill was purified by two successive chromatographic steps
of Sephacryl S-200 and DEAE-Sepharose, resulting in 3.52 % yield and 22.43-fold
increase in purity. Optimum activity was found at 25 ° C and pH 7.5 with pH stability
at 6.0 - 8.5. At 15 ° C, residual LOX activity remained 80%, suggesting that the enzyme
might contribute to fish lipid oxidation during refricerated storage. The enzyme was
thermally inactivated at 50 © C. The most preference substrate was 2.5 mM EPA. The
enzyme was inhibited by 1 mM ethylenediaminetetraacetic acid (EDTA) and activated

by 1 mM Fe®*, Na*, and Ca*".

Keywords: Lipoxygenase, Purification, Lizardfish, Lipid oxidation, Surimi
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4.2 Introduction

Oxidation of lipids deteriorates fish quality, resulting in off-odors/flavors, color
problems, texture defects, and safety concerns (Wu, Richards, and Undeland, 2022).
Fish contain high amounts of omega-3 and omega-6 polyunsaturated fatty acids
(PUFAs), such as docosahexaenoic (DHA), eicosapentaenoic acids (EPA), linoleic acid
(LA), and alpha-linolenic acid (ALA) (Strobel, Jahreis, and Kuhnt, 2012). Lipoxygenase
(LOX, 1linoleate: oxygen oxidoreductase, EC 1.13.11.12), is a dioxygenase that
oxygenates polyunsaturated fatty acids (PUFA) containing a cis, cis- 1,4 pentadiene
structure to form conjugated unsaturated fatty acid hydroperoxides (Grechkin, 1998).
Hydroperoxy fatty acids can be further metabolized to produce alcohols, aldehydes,
ketones and hydrocarbons, lowering fish quality (Josephson et al., 1983). Decanal,
nonanal, octanal, and (E)-2-nonenal, exhibiting green and fatty note, were the most
potent contributors to the aroma of the raw tuna fish (Zhang, Ma, and Dai, 2019).
lglesias et al. (2009) reported that Z-4-heptenal is an important contributor to off-
flavors in gilthead sea bream, which is produced by the LOX-catalyzed oxidation of
EPA. Moreover, strong fishy odor of silver carp is caused by 2, d-heptadienal (E, E)
resulted from LA oxidation catalyzed by LOX (Fu et al.,, 2009). LOX has been studied
in muscle, skin, and gill tissue of various aquatic species, including trout, rockfish,
mackerel, gray mullet, grass carp, sardine (German and Creveling, 1990; Banerjee,
Khokhar, and Apenten, 2002; Hong, Shim, and Byun, 1994; Hsu and Pan, 1996; Wang et
al,, 2012; Mohri, Cho, Endo, and Fujimoto, 1992). However, few reports have been
studied on LOX in tropical fish used for surimi production.

Goatfish  (Mullidae spp.), lizardfish (Saurida spp.), and threadfin bream
(Nemipteridae spp.) are raw materials for tropical surimi production. Typically, surimi
has bland taste and less fishy note than its respective mince. However, tropical surimi
is known to have strong fishy odor and sometime is considered as “off-odor”. This is
likely due to poor post-harvest handlings of raw materials. Although washing can
remove odorous compounds, the extent of strong off-note is much higher than cold
water species surimi (An, Qian, Alcazar Magana, Xiong, and Qian, 2020). Membrane
phospholipids rich in PUFA are difficult to remove by washing and are very sensitive to

oxidation (Eymard, Baron, and Jacobsen, 2009). These phospholipids can serve as a
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substrate of LOX, causing off-flavors. However, it is not known how much LOX residual
activity remains after washing. Understanding LOX characteristics of tropical fish would
lead to better control strategies for surimi qualities. Therefore, the objectives from
this study were to prepare a partially purified and characterize LOX from lizardfish ill.
The effects of industrial surimi washing process on LOX activity and fatty acid

composition were also studied.

4.3  Materials and methods
4.3.1 Chemicals and reagents

Bovine serum albumin ( BSA) , 2- thiobarbituric acid, cumene
hydroperoxide, guanidine hydrochloride, trichloroacetic and ferrous chloride were
purchased from Fluka (Buchs, Switzerland). Diethylaminoethyl (DEAE)-Sepharose and
Sephacryl- 200 were purchased from GE Healthare (Uppsala, Sweden). Oleic acid
(298%), Arachidonic acid (299%), Linolenic acid (299%), Eicosapentaenoic acid (EPA)
(299%), Docosahexaenoic acid (DHA) (>99%), heptadecanoic acid (299%), tween-20, L-
glutathione reduced (298.0) and cyclohexanol were purchased from Sigma- Aldrich

(Oakville, Canada). Other chemicals and reagents were of analytical grade.

4.3.2 Sample preparation

Goatfish (Mullidae spp.), \izardfish (Saurida spp.), and threadfin bream
(Nemipteridae spp.) were obtained from Andaman Surimi Industries company (Samut
Sakhon, Thailand). Fish were caught and off-loaded approximately 7-10 days after
capture. Fish were placed in ice with a fish/ice ratio of 1:2 (w/w) and transported to
Suranaree University of Technology within 5 h. Whole fish were immediately washed
and kept in ice with a fish/ice ratio of 1:2 (w/w). Skins, gill, and flesh were manually
separated and immediately stored at -70 ° C until use. Mince fish, the first washed
mince, the second washed mince, the third washed mince, mince from refiner, screw
press and surimi of all 3 species were also collected at the surimi production facility
of Andaman Surimi Industries. Surimi samples were either used immediately or stored

at -70 ° C until use.



69

4.3.3 Total lipid content

Total lipids content of gill, skin, and muscle of 3 tropical fish and surimi
samples were analyzed according to Bligh & Dyer method (Bligh and Dyer, 1959).
Samples (12 ¢) was homogenized with 60 ml chloroform and methanol solution (2:1,
v/v) at 8000 rpm for 2 min at 4 © C using an IKA homogenizer (IKA Works Asia, Bhd,
Selangor, Malaysia). The homogenates were filtered through Whatman No. 1 filter
paper into a separating funnel. Thereafter, 24 ml of chloroform, 24 ml of distilled water
and 0.58% (v/v) sodium chloride solution was added. The mixture was gently shaken.
After separation, chloroform phase was drained off into a 125 ml Erlenmeyer flask
containing about 2-5 ¢ of anhydrous sodium sulfate and was shaken well to remove
any traces of water that might be present in the chloroform phase. The solution was
filtered through Whatman No. 1 filter paper into a pre-weighed 125 ml Erlenmeyer
flask and solvent was removed by flushing with nitrogen. To allow for further analysis
of phospholipids and fatty acid, the extracted lipid was dissolved in 10 mL chloroform
and stored at -80 ° C.

4.3.4 Fatty acid profile

Fatty acid profiles of extracted muscle were determined as fatty acid
methyl esters (FAMEs) using gas chromatography (GC). Aliquots of the lipids extracted
were used to prepare the FAME according to the method of AOAC (2000). In brief, the
sample was mixed with 0.5 M methnolic solution (2% sodium hydroxide in methanol),
heated at 85 ° C for 30 min, cooled and extracted with 2,2,4-trimethylpentane
(Isooctane). Heptadecanoic acid (C17:0) was used as an internal standard. The FAME
samples were injected, separated and identified on an Agilent/HP 7890 gas
chromatograph (Agilent, Palo Alto, USA) with flame ionization detector (FID) equipped
with an A fused silica capillary column (100 m X0.25 mm X 0.2 ym film thickness)
(Supelco, Bellefonte, PA, USA), using helium as the carrier gas at a flow rate of 1
ml/min. The analytical conditions were: injection port temperature of 250 ° C and
detector temperature of 270 © C. Retention times of FAME standards were used to

identify chromatographic peaks of the samples. Fatty acid content was calculated,
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based on the peak area of internal standard and expressed as mg fatty acid/100 ¢ dry

sample.
4.3.5 Peroxide value

Peroxide value (PV) of gill, skin, and muscle of 3 tropical fish and surimi
samples was determined according to Richards and Hultin (2002). Samples (1 g) were
homogenized in 11 ml of chloroform/methanol (2:1, v/v). Homogenates were then
filtered through Whatman No. 1 filter paper. Two milliliters of 0.5% NaCl were added
to 7 ml of the filtrate. The mixtures were vortexed and then was centrifuged to
separate the sample into two phases. To 3 ml of lower phase, 25 pl of 30% (w/V)
ammonium thiocyanate and 25 pl of 20 mM iron (Il) chloride was added to the mixture.
The reaction mixture was kept for 20 min at room temperature prior to reading the
absorbance at 500 nm. Blanks were prepared in the same manner, except that
deionized water was used instead of ferrous chloride. A standard curve was prepared
using cumene hydroperoxide at concentrations ranging from 0.5-2 ppm. PV was

expressed as mg cumene hydroperoxide/kg sample after blank subtraction.
4.3.6 Enzyme extraction and partial purification

Lizardfish gill were homogenized in 0.05 M phosphate buffer (pH 6.5)
with 2 mM reduced L-glutathione (298.0%) and 0.04% Tween-20 at ratio of 1:4 (w/v)
using an IKA homogenizer (IKA Works Asia, Bhd, Selangor, Malaysia). The homogenate
was centrifuged at 15,000%Xg (Sorvall Legend MACH 1.6/R, Thermo Electron LED GmbH,
Lengensellbold, Germany) for 20 min. Supernatant was collected and fractionated by

40-70% ammonium sulfate. Precipitated proteins were collected by centrifugation at

15,000X ¢ for 30 min at 4 ° C. The precipitates were dissolved in 0.05 M phosphate
buffer (pH 6.5) with 2 mM L-glutathione reduced (>98.0%) and 0.04% Tween-20 and
applied to Sephacryl-200 column equilibrated with 50 mM phosphate buffer (pH 6.5)
with 2 mM reduced L-glutathione and 0.04% Tween-20 and then eluted with the same
buffer. Five-ml fractions were collected at a flow rate of 1 ml/min. Fraction containing
lipoxygenase activity were pooled and concentrated using 10-kDa MWCO ultrafiltration

membrane (Amicon, Billerica, MA, USA). The concentrated sample was applied to
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Sephacryl-200 column and eluted at a flow rate of 0.3 ml/min. The concentrated
sample was applied to DEAE-Sepharose column equilibrated with 50 mM phosphate
buffer, pH 6.5 and eluted using a linear gradient of 0-2.0 M NaCl, 50 mM phosphate
buffer, pH 6.5. Two-ml fractions were collected at flow rate of 1 ml/min. Fractions
containing lipoxygenase activity were pooled and subsequently dialyzed overnight
against the 50 mM phosphate buffer, pH 6.5 with two changes of the buffer using
SnakeSkinTM pleated dialysis tubing with 10 kDa molecular weight cut-off (MWCO)
(Pierce Chemical Co., Rockford, IL, USA). The dialysates were concentrated using 10-
kDa MWCO ultrafiltration membrane and used for LOX characterization. Protein
content was carried out by the modified Bradford method using BSA as a standard

(Bradford, 1976).
4.3.7 Lipoxygenase assay

LOX activity was measured by a UV spectrophotometer at 234 nm,
which monitored the formation of conjugated dienes. Linoleie acid was used as a
substrate and prepared according to method of Patel, Patel, and Thakkar (2015). LA of
45 mg was mixed with 90 mg of Tween-20 in 1 ml of DI water and emulsifying in 150
bl of 1 N NaOH. Final volume was brought to 20 ml with 0.05 M phosphate buffer (pH
6.5). The reaction mixture was prepared by adding 1.3 ml 50 mM phosphate buffer, pH
6.5, containing 1 mM glutathione and 0.04% Tween-20 and 100 pl crude extract. The
reaction mixture was initiated by adding 100 U of substrate. Absorbance at 234 nm of
the mixture were recorded in 3 min. One unit of LOX activity [U] was defined as an

increase in absorbance of 0.001 at 234 nm in 1 min under the specified condition.
4.3.8 Biochemical characterization
4.3.8.1. Temperature and pH optima

The effect of temperature on the partially-purified LOX activity
was investigated in 0.05 M potassium phosphate buffer (pH 7.0) containing
0.01%Tween-20 using LA as a substrate at 15, 20, 25, 30, 35, 40, 45, 50, 55, and 60 ° C,

for 5 min. The optimum pH was investigated at 25 ° C at various pH levels of pH 3, 4,
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5, 5.5 using 50 mM sodium acetate; pH 5.5, 6.0, 6.5, 7, 7.5, 8 using 50 mM phosphate
buffer; pH 8, 8.5, 9 using 50 mM Tris-HCl; and pH 9, 10, 11 using 50 mM borate buffer.

4.3.8.2 pH stability

pH stability was determined by pre-incubating the partially
purified LOX at various pH levels including pH 3 -6 in sodium acetate, pH 6 -7.5 in
phosphate buffer, 9.5 in Tris-HC, at final concentration of 50 mM. The mixture was
pre-incubated at 25 ° C for 30 min. When preincubation time was reached, LOX activity
was determined. Control samples at each pH value were run in the same manner

except that their activities were determined immediately without preincubation.
4.3.8.3 Thermal stability.

Thermal stability of the partially-purified LOXwas determined by
preincubating the enzyme at various temperatures (10 - 80 © C) for 30 min. When
preincubation time was attained, samples were rapidly cooled in ice water for 20 min.
Some precipitates were noticed at high temperatures which was removed by
centrifugation. Lipoxygenase activity was determined as described above. Activities of

the control sampleswithout preincubation were determined at 25 ° C and pH 7.5.
4.3.8.4 Substrate specificity.

Substrate specificity of the partially-purified LOX was
determined using various substrates, including oleic acid, linoleic acid, linolenic acid,
arachidonic acid, EPA, and DHA at 2.5 mM. LOX activity was determined as described

above.
4.3.8.5 Effect of inhibitors and ions on activity.

The effect of various inhibitors on LOX activity was determined
using  various  substances, namely, nordihydroguaiaretic  acid  (NDGA),
ethylenediaminetetraacetic acid (EDTA), butylated hydroxyanisole (BHA), butylated
hydroxytoluene (BHT), ascorbic acid, and N-propyl gallate, at final concentration of 1
mM. The effect of metal ions (CuCl,, FeCls, MnCl,, HgCl,, and ZnSQg4) and mono- and
divalent cations (NaCl, KCl, MgCl,, and CaCl,) at 1 mM was also investigated.
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4.3.9 Statistical analyses

All experiments were conducted in triplicate, and results were analyzed
by one-way analysis of variance (ANOVA). Significant differences in mean values were
analyzed by Duncan’s multiple range mean comparison test within the 95%
confidence interval using. All data were analyses with the SPSS 17.0 statistical package

(SPSS Ltd., Working, Surrey, UK).

4.4  Results and discussion
4.4.1 Lipid composition in various tissues

Total lipid contents and amounts of each fatty acid of gill, skin, and
muscle of 3 tropical fish are listed in Table 4.1. Gill of lizardfish contained the highest
total lipid content, which was about 5 and 29 times higher than that of goatfish and
threadfin bream, respectively. Total lipid contents of skin and muscle of all 3 species
ranged 20.6-37.0 g/kg dry weight. All tissues of tropical fish showed higher saturated
fatty acid (3SFA) content than polyunsaturated fatty acid (ZPUFA) and
monounsaturated fatty acid (XMUFA), while gill contained the highest of >SFA, >MUFA,
and YPUFA. Wu, Forghani, Abdollahi, and Undeland (2022) reported that >SFA and
>MUFA of head were higher than fillet, whereas >PUFA was the highest in fillet.
Twenty-two marine fish species from the Pearl River Estuary contain high contents of
SFA and low contents of PUFA, which might be associated with their differed dietary
composition (Zhang et al., 2020). Among 3 species, all tissues of lizardfish showed the
lowest >SFA and >PUFA, whereas all tissues of threadfin bream exhibited the highest
>MUFA. Predominant SFA and MUFA in all tissues of all species was palmitic and oleic
acid, respectively, whereas DHA and EPA are the main PUFA. Goncalves et al. 2021
reported that PUFAs of muscle were major fatty acids in twelve of fourteen marine
fish species from Northeast coast of Brazil and EPA and DHA were major fatty acids in
most species studied. n-3 PUFAs in marine fish are mostly found in phospholipids (Burri,
Hoem, Banni, and Berge, 2012). Our results indicated that amount of total lipid and

fatty acid contents of 3 tropical species differed among speices and tissues.
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Table 4.1 Total extracted lipids and amount of each fatty acid of various tissues of 3 tropical species used in surimi production.

Gill Skin Muscle

Goatfish Lizard Threadfin beam Goatfish Lizard Threadfin beam Goatfish Lizardfish Threadfin bream
Total lipid (g kg dry weight 30.80 + 1.80c 16234 + 7.04d 566 + 0.32a 2277 +0.32b 2252 +0.24b 37.04 + 4.40c 26.41 + 050b 2353+ 058b 2067 +0.18b
FA content (mg, 100 g dry weight)
C12:0 875+0.38 194 +022 977+0.73 458 + 050 112+011 651+031 175+ 012 ND 185+0.16
C13:0 466 £018 081 +0.09 340+ 037 309 +048 0.48 +0.00 231+005 106 +0.21 ND 078 £ 0.07
Cl4.0 22215+917 84.74 + 6.90 17727 +£16.72 12947 +16.04 6573 +0.18 11634 +14.44 4559 + 6.17 1937+191 36.63 + 301
C15:0 ND 2003+ 161 5092 + 0.46 36.65 + 4.05 1255+ 045 3779+ 046 1523 +0.02 6.34 +0.63 1285+ 0.04
C16 : 0 (Palmitic acid) 105297 £4124 485.86 + 39.65 124495 + 2362 52967 + 1821 32712+ 162 87767 + 10841 33228+ 155 23001 +2272 40647 £ 17.18
C17:0 41008 + 1044 18756 + 1250 43275+ 1168 21733 +899 11775+ 2,60 24583 +28.89 140.14 + 850 10654 + 1052 136.14 + 3.00
C18:0 516.79 + 20.16 196.04 + 20.08 61157 +19.39 286.76 + 893 116.35 + 2.04 39363 +4534 162.62 + 1.80 8161+ 806 17102 + 10.66
C22.:0 6.84 £0.32 365+041 9.16 £ 045 436 +£013 278 £0.03 7.09 +0.36 257 +008 181+018 394 +£037
C23:0 ND ND 0.05 +0.00 270+ 044 418 +0.03 824 +085 197 +013 0.90 + 0.09 215 +0.00
YSFA 222223 +81.89b 980.61 + 81.46a 254548 + 73.69b 121462 + 57.78ab 648.06 + 7.06a 169540 £ 199.11b 70521 + 19.82b 44658 + 44.11a 77182 +3448b
Cl4:1 6798 +270 ND 252 +037 063+011 063 £ 0.00 183+0.23 ND ND ND
C16:1 260.73+ 10.69 102.09 + 8.38 25953 +31.37 13381+ 1372 7757+014 19514 + 2156 4828 +6.17 3270+323 6748+321
C17:1 1420 £ 0.59 ND ND 723+104 472 £0.04 921+0.36 328+0.75 ND 255 +0.05
C18 :1n9t (Oleic acid) 361.95 + 15.64 146.10 £ 1324 55458 + 24.68 180.24 + 1352 89.27 + 0.62 391.34 + 4193 80.95 + 402 6126 + 6.05 17005 + 353
C18:1n9c 14790 + 6.16 6594 + 542 184.18 + 1566 7357 +349 3813 +0.10 12045 + 1516 3594 +1.86 2561 +253 46.33£0.30
C20:1 2200+ 1.00 649 + 139 2413+0.70 599+ 031 476+ 007 1044 + 460 263+021 177+018 234+£010
C22:1n9 862 037 ND ND ND ND ND 105.71 £ 6.92 ND 126.56 + 1338
C24:1 2349 +1483 269 +0.60 6.76 £ 0.31 230+048 928 £0.28 46.90 + 154 1788+ 017 537 +053 2697 + 367
>MUFA 906.86 + 51.98d 32348 +29.28b 1031.71 £ 73.10d 403.76 + 32.67c 22438 +1.25b 775.31 + 85.25cd 294,67 + 20.10b 126.71 + 1252a 44228 +24.23c
C18 : 2n6c (Linoleic acid) 64.81 + 257 2466 +2.73 5323+375 4334 + 383 1752 +021 422+039 2254 +094 9.84 +097 1899 + 0.02
C18:3n6 6.71+027 273+025 489 + 063 393+028 234 £007 377+016 179+011 0.95 +0.09 174+033
C18:3n3 1316 + 050 352+035 1562 + 0.26 806 + 0.63 250 £007 9.00 +0.92 291+043 110+011 273+014
C20:2 1894 + 084 545+ 048 2249+132 1318+ 114 349+012 1362 +091 6.18 +0.38 234+023 579+015
C20:3n3 477+021 404 +048 1061+ 137 485+029 284 £ 006 6.30+0.72 ND 4833+ 477 ND
C20 : 4n6 (Arachidonic acid) 18351 +7.10 11683 +8.72 24431 +239 10412 +341 6747 £ 152 150.76 + 16.15 243+020 237+023 397 £0.09
C22:2n2 643 +019 227+ 081 0.05 +0.00 3331016 112+010 4.30 + 0.06 ND ND ND
C20 :5n3 (EPA) 29145+ 1087 129.07 + 1342 290.29 + 33.70 12438 +472 9697 £378 22754 + 3453 9235+ 196 7631+754 107.56 + 142
C22.6n3 (DHA) 87734 +34.73 465.92 + 37.05 70548 + 5371 604.39 + 20.19 39335+ 11.89 52397 + 95.06 570.04 + 2144 35624 + 3519 37461 +5510
SPUFA 1467.12 + 57.29d 75450 + 64.29b 1353.96 + 97.51d 909.58 + 34.65¢c 587.60 + 17.80a 94348 + 14891c 698.25 + 25.46b 49749 + 49.14a 51539 + 57.37a

*SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid

#d Mean values in the same column with different superscripts differ significantly (P < 0.05)



75

4.4.2 LOX activity

LOX activity and peroxide values of gill, skin, and muscle of tropical fish
namely goatfish, lizardfish, and threadfin bream are listed in Table 4.2. LOX activities
varied with tissues. Gill of lizardfish exhibited the highest LOX activity, which was about
2 times higher than threadfin bream muscle (p < 0.05). Gill of Baltic herring showed
the lowest activity, which was comparable to muscle and skin tissue. (Stodolnik and
Samson, 2000). Muscle of lake herring showed higher LOX activity than skin tissue
(Wang, Miller, and Addis, 1991). Hsieh, German, and Kinsella (1988) reported that gill
and skin tissues of freshwater fish species contained active LOX activity and there was
no detectable LOX activity in muscle. Wu et al. (2022) reported that LOX activity of
head was higher than fillet in sorted herring and this enzyme had a significant impact
on its lipid oxidation.

PVs of gill tissue of all 3 species were the highest compared to other tissues
with threadfin bream being the highest (p < 0.05). Lipid oxidation occurred during
postmortem handlings and was influenced by tissue type, and age. Fresh fish is known
to contain peroxide which is naturally produced and can react with biological
molecules. Fu et al. (2009) reported LOX from silver carp muscle caused a faster initial
reaction of lipid oxidation than hemoglobin but had lower lipid hydroperoxide value

and severe fishy odor. Our results indicated that LOX activity was not related to PV.
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Table 4.2 LOX activity and peroxide value of various tissues of 3 tropical species used

in surimi production.

LOX activity Peroxide value
Tissues species (mg hydroperoxide/kg
(U/mg protein)
dry weight)

Gill

Goatfish 48.93 + 0.87b 67.43 + 2.54c

Lizardfish 376.56 + 22.0d 66.79 + 3.94c

Threadfin

Bream 55.66 + 0.32b 78.23 + 4.87d
Skin

Goatfish 26.19 + 1.57a 37.56 + 2.4a

Lizardfish 50.67 + 1.08b 41.58 + 3.52a

Threadfin

Bream 60.67 + 0.18b 51.77 + 3.22b
Muscle

Goatfish 30.53 + 0.54a 32.54 + 3.453

Lizardfish 75.62 + 0.08b 42.57 + 1.33a

Threadfin

Bream 137.04 + 4.4c 48.11 + 4.51b

¥4 Mean values in the same column with different superscripts differ significantly (P < 0.05)
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4.4.3 Changes of LOX activity during lizardfish surimi processing

The changes in LOX activities (units/g sample) during lizardfish surimi
processing are shown in Figure 4.1. A significant decrease in LOX activities was detected
throughout surimi processing (p < 0.05). A decrease in activity suggested that the
enzyme can be removed by washing. There was approximately 57.5% reduction of
lipoxygenase activity of lizardfish mince after washing. Washing not only removes fat
and undesirable substances such as blood, pigments and odorous contents, but also
increases insoluble proteins, including myofibrillar protein, connective tissue proteins,
as well as membrane-bound cholesterol and lipids. Yamashita, Nakamura, Nosguchi,
Niki, and Kthn, (1999) reported LOX are capable of specially oxidizing phospholipids
and cholesterol esters in membranes and lipoproteins. 15-LOX was localized in the
cytosol but also bound to intracellular membranes (Brinckmann et al., 1988). Mince
reached it minimum level of LOX activities by a dewatering with a 70% decrease.
However, the enzyme residual activity in surimi remains after frozen storage (57.85 U/g
sample). LOX activity has been reported in silver carp surimi products at setting stage
LOX activity reached 4.19-4.81 U/min*g (An et al., 2022). The enzyme residual activity
remaining in the surimi could partly contribute to lipid oxidation of surimi during frozen

storage.
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Fig. 4.1 Changes of LOX activity during lizardfish surimi processing (1 W = First
washing, 2" W = Second washing, 3 W = Third washing, RF = Refining, SP

= Screw pressing)

4.4.4 Changes of fatty acid during surimi processing

Total extracted lipids and fatty acid contents of lizardfish surimi
processing is shown in Table 4.3. A decrease in total lipids was detected in mince from
screw pressing and lizardfish surimi (LZ surimi) (p<0.05). Total lipids of mince from
screw pressing and LZ surimi decreased by 45.81% and 56.7% as compared to minced
fish. Proportions of fatty acid were similar in minced fish and in LZ surimi. Amount of
monounsaturated fatty acid (XMUFA) lower than saturated fatty acid (XSFA) and
polyunsaturated fatty acid (XPUFA). A decrease in fatty acid contents were detected
in screw pressing step and surimi (p<0.05). >SFA, >MUFA, and >PUFA decreased by
63.67%, 65.76%, and 62.79% at surimi step as compared to minced fish. A decrease in
total lipids and fatty acid contents suggested that the lipid can be removed by
dewatering by screw press. Surimi has a higher phospholipid content than minced

could be explained by the membrane polar lipids, such as phospholipids, interacting
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with proteins and consequently being less easily removed than neutral lipids (Eymard
et al,, 2005). These phospholipids are highly unsaturated and often in contact with
muscle heme iron and very sensitive to oxidation. According to Clark et al. (2011) LOX
may act on phospholipids in which fatty acids are esterified to the glycerol backbone.
Omega-3 PUFA in marine fish are mostly found in phospholipids form (Burri et al,,
2012). In our study, palmitic acid as the predominant SFA, oleic acid is highest MUFA,
whereas DHA and EPA are the main PUFA in LZ surimi. These results indicating that
PUFA in surimi can serve as a substrate of LOX. Eymard et al. (2005) reported that the
last dewatering stage of mackerel surimi production can remove a major portion of
lipid oxidation products. However, our findings indicated that PUFA and LOX were still
present in surimi, which both substrate and enzyme could lead to oxidation of lipids

during storage, which has not been reported.
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Table 4.3 Total extracted lipids and amount of each fatty acid of the samples taken

during surimi manufacturing.

Mince fish Mince from Mince from Surimi
refining screw pressing

Total lipid (¢/ kg dry
sample) 18.71 + 3.62b 17.94 + 2.25b 10.14 £ 1.07a 8.22 + 1.45a
FA content (mg/ 100 g dry sample)
Cl4:0 42.33 + 6.38 32.96 + 32.96 19.89 + 3.64 1391 + 0.80
C15:0 15.19 + 2.30 12.25 + 1.60 7.07 + 1.26 5.16 + 0.29
C16:0 351.74 + 46.48 303.7 + 40.69 162.27 + 27.51 127.87 + 6.99
C17:0 159.18 + 13.23 153.55 + 15.51 75.05 + 7.14 62.2 + 1.14
C18:0 137.65 + 18.72 111.58 + 15.15 61.75 + 10.81 47.52 + 2.63
C20:0 1.70 £ 0.16 1.37 £ 0.17 0.90 + 0.05 0.53 + 0.05
C21:0 1.64 +0.24 1.24 + 0.16 0.77 £ 0.15 0.50 + 0.06
C23:0 58.18 + 7.14 49.25 + 6.56 26.26 + 4.36 20.54 + 1.07
>SFA 767.60 + 94.7b 665.95 + 84.5b 35395 + 54.92a  278.23 + 13.03a
Cl6:1 57.67 + 8.31 47.00 + 644 27.36 + 4.69 19.63 + 1.11
C18: 1n%9t 0.51 + 0.09 0.45 £ 0.12 0.23 + 0.04 0.08 + 0.00
C18: 1n9c 106.3 13.51 87.55 +11.75 46.34 + 8.00 36.95 +2.14
C20:1 6.00 + 1.50 4.28 + 0.59 251 +0.45 2.20 + 0.04
C22:1n9 2.35 +0.33 1.81 £ 0.26 1.04 £ 0.18 0.88 + 0.27
c24:1 1.40 + 0.13 0.92 + 0.11 0.60 + 0.08 0.35 + 0.02
>MUFA 174.24 + 23.87b  142.01 + 10.27b 78.07 £ 13.45a 60.08 + 3.65a
C18:3n6 1.77 £ 0.27 1.41 + 0.19 0.81 £ 0.15 0.58 = 0.09
C18:3n3 4.83 + 3.97 1.87 + 0.22 1.04 + 0.18 284 +0.18
C20:2 4.45 + 0.59 371 +0.49 1.99 + 0.34 1.55 + 0.08
C20:3n6 3.11 £ 0.39 2.71 £ 0.36 1.42 +0.23 1.14 + 0.05
C20: 3n3 2.15+ 0.35 1.6 +0.23 0.97 + 0.19 0.27 + 0.02
C20: 4n6 85.9 + 10.31 79.03 £ 10.73 38.87 + 6.17 3261 + 1.68
C22:6n3 629.26 + 71.65 599.18 + 80.92 295.61 + 46.61 233.42 + 10.85
>PUFA 731.50 + 87.53b  689.52 + 93.1db  340.71 + 53.87a  272.41 + 13.21a

® Different letter in the same column indicate difference at P < 0.05.
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4.4.5 Partial purification of LOX from Lizardfish Gill.

Based on purification scheme, ammonium sulfate precipitation of 40-
70% effectively removed contaminant proteins, rendering an increase of 4.55 folds of
purity, and about 118% activity when compared to the crude extract (Tabled.4). Wang
et al. 2012 reported 40% saturated ammonium sulfate was effective for LOX
fractionation in grass carp muscle. A Sephacryl S-200 column based on size exclusion
chromatography was used in the second purification step. The recovery of LOX activity
was 12.89 % with 12.01-fold purification (Figure 4.1). The active fraction from the first
gel filtration was collected, concentrated, pooled and loaded again onto the Sephacryl
S-200 column with a lower flow rate. Two protein peaks were well separated, and LOX
activity was found in the minor protein peak. LOX recovery after the second gel
filtration was 8.46 % with 15.85-fold purification (Table 4.4). Fractions giving LOX activity
were pooled and loaded into a DEAE-Sepharose ion-exchange column. Thirty-five
fractions were obtained from gradient elution and 5 fractions eluted at 0.8 M NaCl
showing LOX activity (Fig. 4.3). An overall 22.43-fold purification was achieved with a
yield of 3.52 %. The specific activity of pure LOX reached 1267.64 units mg™" when
linoleic acid was used as a substrate. LOXs have a single atom of non-heme iron

essential for activity (Newcomer and Brash, 2015).
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exchange column.



Table 4.4  Purification table of lizardfish gill lipoxygenase
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Total protein Total activity  Specific activity Yield

Step B Purity (fold)

(mg) (Unit) (Unit/mg) (%)
Crude extract 229.50 12973.21 56.53 1.00 100.00
(NH4),504 precipitation 59.49 15314.29 257.42 4.55 118.05
Sephacryl S-200 (Flow rate 1 ml/min)

2.46 1671.79 679.07 12.01 12.89
Sephacryl $-200 (Flow rate 0.3 ml/min)

1.22 1097.14 896.13 15.85 8.46
DEAE-Sepharose

0.36 456.35 1267.64 22.43 3.52

*One unit of enzyme activity is defined as an increase in absorbance at 234 nm of 0.001 after 1 minute under the specified condition.
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4.4.6 Optimum temperature and pH.

Optimum temperature of the partially-purified LOX was at 25 © C (Figure
4.4A). It showed high activity (82-98%) over a wide temperature range of 15-35 ° C. High
activity of fish LOX at low temperatures suggests that it may contribute to initiation of
fish lipid oxidation at refrigerated conditions. At 40 © C, 60% of activity was retained.
However, only minimal activity was observed at temperatures above 45 ° C. This was
quite different from LOX purified from cold water species fish including mackerel and
trout, which typically showed activity only at temperature of 20-25 ° (Hong et al., 1994;
Hsieh et al.,1988). Enzymes from fish warm water habitat exhibited higher optimal
temperature, indicating that it might be effect flavor quality much higher than cold

water species.

Lizardfish had optimum activity around pH 7.5 with the activity rapidly
declining below pH 6.0 and above pH 8.0 (Figure 4.4B). The enzyme was less sensitive
to pH change in the acidic range than in the alkaline range. A decrease in pH from 7.5
to 6.0 resulted in the loss of 20% of the activity, while raising pH from 7.5 to 9.0
reduced the activity by 80%. A similar optimum pH was observed among LOX in teleost
fishes and rainbow trout (German and Creveling,1990; Hsieh et al.,1988). LOX from
mackerel muscle and gill showed optimum pH at 5.6 and 4.5 respectively (Banerjee et
al.,, 2002; Hong et al., 1994), which was lower than the value observed in this study.
The LOX distributed in gill and ovary of grey mullet showed optimum activity at pH 8
and pH 6.5, respectively (Cadwallader, 2000).
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4.4.7 Thermal stability and pH stability

The partially-purified lipoxygenase showed high stability at 10-50 ° C,
and its stability rapidly decreased at temperature 60 °© C with 60% of the activity
remaining (Figure 4.5A). Heating to 70 °© C and 80 ° C completely inactivated the
enzyme. A decrease in activity is probably due to irreversible changes in the tertiary
structure of the enzyme. The activity of LOX from mackerel muscle and trout
decreased to 20% of the original activity, after incubation at 40 ° C for 10 min and over
80 % after incubation at 50 and 70 ° C for 10 min, respectively (Banerjee et al., 2002,
Hsieh et al,,1988). An et al. (2022) reported LOX activity was high in the silver carp
surimi gel at 40 ° C, and rapidly decreased at temperature 90 ° C for 10 min. Tolasa
Yilmaz, Cakl, Sen Yilmaz, Kirlangi¢, and Lee (2018) found that increasing temperature
(from 0 to 10 ° C) increased LOX activity significantly in fresh and frozen sardine fillets
and mince. LOX activity in pork were completely inactivated at 50 °© C with high
pressure 600 MPa (Huang, Wang, Wu, and Li, 2016). The instability of LOX above 50 °
C may provide an approach for controlling enzyme activity and help improve flavor

quality of lizardfish.

The partially purified lipoxygenase was highly stable at a pH range of 6-
8 (Figure 4.5B). The LOX from mackerel muscle and sardine were stable over broad pH
ranges of 4-11 and 6-9, respectively (Banerjee et al., 2002; Mohri et al., 1992). The pH
value of 6-8 falls in the postmortem pH of lizardfish, suggesting that enzyme likely
remain active at postmortem during ice or refrigerated storage. Thiansilakul, Benjakul,
and Richards, (2011) reported the highest lipid oxidation and off-odor were observed
in washed Asian seabass mince at pH 6.0. Thus, lipid oxidation catalyzed by LOX likely
occur at postharvest storage, which might be a main reason of distinct flavor of

lizardfish meat.
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4.4.8 Substrate specificity

The activity of lipoxygenase toward different fatty acids is shown in
Figure 4.6. The highest activity was observed with eicosapentaenoic acid (EPA),
followed by linoleic acid and docosahexaenoic acid (DHA). Substrate specificities of
the enzyme appear to vary with sources of LOX. LOX from trout and mackerel
efficiently oxidized n-3 fatty acids such as DHA and EPA (Hsieh et al., 1988; Harris and
Tall 1994). LOX from carp gill preferred arachidonic acid (lijima et al., 2000), while
sardine skin LOX showed maximal activity toward linoleic acid (Mohri et al., 1990). Gill
LOX of rainbow trout exhibited reactivity toward arachidonic, EPA, and DHA, but low
reactivity toward linoleic acid (German and Creveling, 1990). Banerjee et al. (2002)
reported that the highest activity of mackerel muscle was observed when linoleic acid
was used as a substrate, followed by linolenic acid, DHA and arachidonic acid. Oleic
acid with a single double bond is not a substrate for LOX, resulting in relatively low
activity (Figure 4.5). Therefore, high unsaturation may enhance the activity of lizardfish
LOX. In this study, related to Table 4.1. Gill, skin, and muscle of lizardfish are rich in

DHA, EPA, and linoleic acid, which can serve as substrates for LOX.

4.4.9 Inhibitors and Metal lons.

Ethylene diamine tetra-acetic acid (EDTA) at 1 mM completely inhibited
LOX activity based on both substrates of LA and EPA (Table 4.5). LOX inhibition was
also observed in the presence of BHA, BHT, ascorbic acid and N-propyl gallate. EDTA
inhibits the enzyme by chelating iron. LOXs have a two-domain structure of B—barrel
domain and Ol-helical catalytic domain containing a single atom of non-heme iron
essential for activity. Moreover, Wang et al. (2019) found that EDTA can cause the
content of Q-helix and B-sheet inside the porcine 12-LOX molecule to decreased and
result in LOX activity change. LOX catalyzes the peroxidation of cis, cis-1,4-pentadiene
structures. In its oxidized state, LOX (Fe*" can abstract a proton from a PUFA and
reduce itself to LOX (Fe?"), producing a fatty acid free radical. Antioxidants such as
BHA, BHT, propyl gallate, and ascorbic acid can effectively scavenge free radicals by
donating labile hydrogen to oxygen radicals derived from fatty acids. (Festjens et al,,
2006). Propyl gallate inhibited LOX activity in soy milk more than BHA, BHT, and
ascorbic acid (Vijayvaragiya and Pai, 1991).
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Fig. 4.6 Effect of different fatty acids on LOX activity (EPA = Eicosapentaenoic

acid, DHA = Docosahexaenoic acid)

Metal ions play an important role in the activity of fish lipoxygenases, acting as
activators of an enzyme through its binding with a substrate or release of its active
center. The enzyme activity was significantly increased by Fe?", Na* and Ca*" for both
substrates but decreased in the presence of Cu?* (Table 4.4). Fe?* caused an increase
in LOX activity, which was clearly due to Fe?" catalyzed auto-oxidation. NaCl is an
effective catalyzer of LOX in the muscle tissue and roe of Baltic herring (Samson and
Stodolnik, 2001). Zhang et al. (2019) reported LOX activity increased at salting and
resting stages in boneless dry-cured hams during processing might be attributed to the
activation of salt. However, Activity of LOX from Mackerel gill was not affected by Na*
(Hong et al., 1994). The type of metal ion contained in food may have a major impact

on the enzyme's activities.



90

Table 4.5 Effects of various chemicals on the activity of lizardfish LOX toward

different
Substances Residual activity (%)
(1.0 mM) Linoleic acid EPA
Control 100 100
EDTA 0 0
BHA 95 0
BHT 85 0
Ascorbic acid 60 0
N-propyl gallate 77 0
Cu®* 71 68
Fe** 120 138
Mn** 98 89
Hg™* 89 92
zZn* 100 98
Na" 137 128
K* 106 109
Mg** 99 100
Ca™ 118 133

4.5 Conclusion

In the manufacturing of tropical surimi, goatfish, lizardfish, and threadfin bream
are the major raw materials. It contained a high concentration of PUFA susceptible to
lipid oxidation, especially that catalyzed by LOX. DHA and EPA are the two most
abundant polyunsaturated fatty acids (PUFA) in tropical fishes. Lizardfish gill exhibited
the highest LOX activity as compared to gill, skin, and muscle of other tropical fish.
Optimal activity of lizardfish gill LOX was at 25 © C and pH 7.5. The enzyme was stable
at temperatures below 50 © C. Lizardfish gill LOX exhibited substrate specificity toward
EPA. The enzyme was completely inhibited by EDTA but activated by metal ions.
Lizardfish surimi showed highly unsaturated fatty acid contents and it can serve as a

substrate of LOX. The enzyme residual activity remains after washing (57.85 U/g
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sample). This study suggested that LOX activity could be one of intrinsic factors

affecting lipid oxidation of surimi during frozen storage.
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CHAPTER V
SUMMARY

It has been demonstrated that lipid oxidation of tilapia differed among body
parts. During prolonged ice storage, the gill of tilapia was the most prone to lipid
oxidation. Free fatty acid composition decreased as the storage time was extended.
The activity of LOX was relatively high during storage, suggesting that it could be an
important enzyme to catalyzing lipid oxidation during storage. The majority of volatile
compounds changed during ice storage. According to the PCA, 2-butanone and nonanal
in muscle, 6-methyl-2-haptanone and 2-nonanal in gill, and 1-haptanol, and 1-nonanol
in skin showed potential to be used as freshness indicators. In addition, hexanal was a
potential marker for measuring degree of lipid. To preserve the quality of tilapia, gills
should be removed prior to ice storage and filleting.

Goatfish, lizardfish, and threadfin bream are major raw materials for tropical
surimi production. They high concentration of polyunsaturated fatty acid (PUFA)
susceptible to lipid oxidation. Docosahexaenoic acid (DHA) and eicosapentaenoic acid
(EPA) are the two most abundant PUFA in all tropical fish studied, with the highest
concentrations observed in gill. Goatfish sill showed the highest PUFA. Lizardfish gill
exhibited the highest LOX activity. LOX activity of lizardfish surimi processing decreased
from 157.19 U/g in raw material to 57.85 U/g in surimi. Lizardfish surimi contained a
high amount of DHA and EPA, indicating that LOX could partly contribute to lipid
oxidation during surimi production and frozen storage. Optimal activity of lizardfish gill
LOX was at 25 ° C and pH 7. 5. The enzyme was stable at temperatures below 50 ° C.
Lizardfish gill LOX exhibited substrate specificity toward EPA. The enzyme was
completely inhibited by 1 mM ethylenediaminetetraacetic acid (EDTA) but activated
by 1 mM Fe®*, Na*, and Ca*".
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