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ABSTRACT 

 

This research was to extend the shelf-life of fresh Atlantic salmon (Salmo salar) fillets 

sold in supermarkets across Australia. Improving the shelf-life of salmon fillets from a current 

commercial limit of 14 days by 2 – 4 days will enable producers, retailers and consumers to 

have more options for logistics, storage and consumption. The research focussed on combining 

the effects of two hurdle approaches: (1) novel sanitation methods to reduce the microbial load 

during the two to five days pre-processing stage for relaxation of rigor mortis prior to 

packaging; (2) optimisation of packaging conditions to inhibit the microbial growth of any 

pathogens and principal spoilage species.  

The novel sanitation method was the application of neutral electrolysed oxidising water 

(NEW) in the early stages of fish processing after harvest to reduce the natural indigenous 

bacteria of the fish surfaces and any environmental flora that may become a source of 

contamination during processing and packaging. The physicochemical stability of NEW was 

first determined under different storage conditions, and in the presence of organic substances 

and in natural seawater to understand the practical limits for industrial application. It was found 

that NEW chlorine equivalents in concentrate stored at room temperatures decreased by 52 % 

within 28 days of production. Therefore, concentrate should be used within this time to have 

sufficient oxidising function for microbial efficacy. When applied to fish products during 

storage in ice-water oxidising power rapidly decreased by over 70% in 30 minutes, due to 

reaction with organic matter from the fish. This required renewal of the NEW to maintain redox 

oxidising activity greater than 700 mV. This replenishment was therefore generated by slow 

release melting of neutral electrolysed oxidising ice (NEI) to maintain the antimicrobial activity 

for an extended period of up to 5 days during storage.  
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A preliminary small-scale trial investigated the efficacy of using NEW and slow melting 

NEI against spoilage and pathogenic organisms. The results revealed that 100 ppm chlorine 

equivalents of NEI was sufficient to inhibit the growth of spoilage microorganisms on salmon 

fillets during 10 days of storage at 4 ºC.  It was also found that 100 ppm NEI decreased the 

number of Pseudomonas aeruginosa in salmon fillets portions compared to untreated controls 

by 1.1 log CFU/cm2 and 2.4 log CFU/cm2 for 50 and 100 ppm NEI, respectively. In addition, 

100 ppm NEI inhibited Listeria monocytogenes during storage by decreasing the final 

population after 24 h by 1 log CFU/cm2.  

The subsequent trials simulated full scale processing by treating head-on gutted (HOG) 

Atlantic salmon during pre-processing relaxation of rigor mortis followed by applying 

antimicrobial hurdles during processing and packaging. When 100 ppm chlorine equivalents 

of NEW and NEI were used during the pre-processing stage the microbial level after six days 

of pre-treatment was 2.7 log CFU/cm2. When HOG Atlantic salmon were just washed in NEW 

prior to filleting, the microbial load on the skin of HOGs treated at 20 ppm decreased by 2.5 

log CFU/ cm2 down to 2.6 log CFU/cm2. When treated at the higher concentration of 100 ppm, 

the microbial load after this sanitation step was below the detection level. 

Full scale trials mimicking industrial practice were then conducted by combining the 

improved pre-processing stage using NEW/NEI followed by optimisation of modified 

atmosphere packaging (MAP). Optimisation of MAP to minimise microbial growth in bulk 

package fillets was carried out at different levels of gas to product (G/P) ratio of MAP. The 

combinations of sanitation pre-processing and high G/P ratio were effective for lowering the 

microbial counts by 1.5 log CFU/g compared to the untreated control after 20 days under 

controlled cold storage at 0º C and 4º C.  

Shelf-life of fresh chilled salmon fillets was also assessed by consumers from the smell 

of aroma volatiles. The effects of washing the HOGs in NEW/NEI on the type of microbial 



 xxi 

community that grows on the fillets during storage, and hence the type of volatile organic 

compounds (VOCs) that are produced, was also determined. Sensory evaluation, microbial 

enumeration, microbiome profiling and volatile organic compound analysis was performed on 

samples at intervals for up to 20 days while simulating commercial conditions of storage. The 

microbial communities were very dynamic with the Jaccard similarity index being less than 

50% between every treatment. Twenty-five volatile organic compounds were found in the 

aroma headspace and changes in their concentration with time were characterised. Freshness 

volatiles such as hexanal, heptanal and octanal decreased during 20 days of storage. Fifteen 

sulphide producing cultures obtained from fillets by isolation on iron agar were identified as 

Shewanella baltica although no sulphides were found in the VOCs or detected by sensory 

assessment. This was presumably due to consistently low levels of less than 3.1 log CFU/g of 

hydrogen sulphide producing bacteria (HSPB) in the fish fillets.  Altering the microbiome 

therefore altered the types of VOCs produced. Treatments that favourably altered the microbial 

inoculum and resulting microbiome of the fillets are therefore a potential way to extend the 

perceived freshness of the fish product.   

A final pre-treatment sanitation approach was also tested as a potential further 

antimicrobial hurdle step to compensate for high packing density, low G/P ratio used in bulk 

MAP shipments. This pre-processing variant used a combination of NEW/NEI and soluble gas 

stabilisation (SGS) applied through raised levels of carbonic acid/bicarbonate during storage 

prior to filleting. The HOGS were first treated by dipping in Shewanella baltica at 3 log 

CFU/mL to provide a consistent challenge inoculum and were then held at 4º C for 3 days in 

the NEW/NEI and SGS pre-processing stage prior to filleting. The fillets were MAP stored 

with 0.4:1 G/P ratio in line with existing industry practices. Sensory evaluation, microbial load, 

microbiome profiling and VOC analysis was performed at intervals up to 20 days simulating 

commercial conditions of storage. The results showed that a combination of NEW/NEI and 
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SGS inhibited the growth of HSPB on fillets packed in MAP during storage by 1 log CFU/cm2 

of the skin compared to fillets that did not receive the SGS pre-processing stage treatment. 

Twenty-seven VOCs and their changes were identified and characterised in the headspace of 

the fillets. Freshness compounds such as octen-3-ol, hexanal and nonanal were found on Days 

1 and 10, but their relative levels decreased with storage time. Microbial community analysis 

showed that Photobacterium was the dominant flora in every treatment at Days 17 and 20 of 

the storage periods. However, no sulphide VOC was again detected in the headspace and it is 

inferred that the final microbial levels of 6.4 log CFU/g were also too low to affect the sensory 

quality.   

In conclusion, the combination of improved sanitation using NEW/NEI during pre-

treatment and more intensive MAP using SGS could be applied within existing industrial 

processes to extend the shelf-life of fresh chilled Tasmanian Atlantic salmon fillets by 

maintaining its freshness for at least an extra two days and potentially up to 6 days more than 

the current shelf life. The integrated hurdle technology approach will enable the industry to 

better preserve the consumer perceived quality of bulk packed fresh Atlantic salmon fillets 

compared to the existing partial antimicrobial wash and MAP treatments alone.  

 

KEYWORDS: Atlantic salmon fillets, neutral electrolysed oxidising water/ice, microbial 

community, Salmon salar, soluble gas stabilisation, volatile organic compounds, Shewanella 

baltica, SPME, GC-MS, shelf-life.  
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CHAPTER 1 Introduction  
 

1.1  Industry drivers for the research  

The objectives of this thesis have been driven by industry’s need to extend the shelf-

life of fresh chilled Tasmanian Atlantic salmon (Salmo salar) fillets when packaged in bulk 

trays (1.5 – 2.5 kg in 4 L tray container) for distribution nationwide. The thesis research was 

supported by TASSAL Ltd (Hobart, Tasmania, Australia). Specific processing operations, 

methods and conditions employed by TASSAL Ltd have therefore been used as a basis for 

research to make the results as industrially relevant as possible without major changes to 

factory layout or capital equipment. Improving the shelf-life fresh chilled of salmon fillets by 

two to four days will enable producers, retailers and consumers to have more options for 

logistics, storage and consumption. Approaches to achieving the increased shelf-life were 

bounded by limitations to fit within existing factory operations and therefore targeted at 

combining the effects of two sequential hurdle steps: (1) Novel sanitation methods to reduce 

contamination of the product prior to packaging; (2) Optimisation of packaging conditions to 

inhibit the microbial growth of any pathogen and principle spoilage species.  

Farmed Atlantic salmon is a major product for Tasmania with the State being the only 

location in Australia that has the cool waters needed for its successful large-scale production 

by aquaculture. The gross value for salmonids production in Tasmania for 2016 - 2017 was 

AU$ 739 million, with volume and value increased by 6% and 5%, respectively, from 2015 – 

2016  (Tasmanian Government, 2017). This commodity, however, encounters challenges in its 

supply across Australia because of very long distribution chains. The shelf-life of fresh chilled 

Atlantic salmon fillet packed in modified atmosphere (MAP) retailer size packaging (1.5 – 2.5 

kg) is between 10 to 14 days, with one to six days required for national distribution (Lamb, 
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TASSAL Ltd 2016, personal communication). Therefore, there are only three to eight days 

remaining for retail sale and consumption.  

Salmon is categorised as a medium fatty fish species with total fat between 5 – 10%, 

and a cholesterol level of only 26 mg/100g, which is lower than many fish species 

(Oehlenschläger & Rehbein, 2009). High levels of nutrients such as protein, fats, and other 

components such as calcium, magnesium and potassium promote the growth of 

microorganisms on harvested fish. Microbial growth and metabolism is the leading cause of 

spoilage in seafood products and shortens shelf-life through breaking down these food 

components (Gram & Huss, 1996). The microbial contamination of the fish fillets comes from 

environmental sources and equipment during processing, and from the natural flora of the skin, 

intestinal content and gills (Cahill, 1990; Gram & Huss, 1996). The microbiological spoilage 

of seafood products, as a result of this contamination, can cause off-odour and off-flavour, 

slime and discoloration (Gram & Huss, 1996). Even with modern packaging methods, the 

achievable extension of shelf-life depends on the initial microbial level and storage temperature 

(Sivertsvik, Jeksrud, & Rosnes, 2002). Thus, a low temperature and sanitisers are used by the 

industry to control contamination by microorganisms and to minimise the spoilage of products 

in order to maintain their quality and shelf-life. 

Shelf-life is referred to as the length of time before the product becomes unacceptable 

as the quality of all fresh food declines with time (G. L. Robertson, 2013). MAP is a packaging 

method that is widely known and used to prolong the shelf-life of perishable food like fish 

fillets. The primary mechanism of MAP is to delay microbial spoilage through replacing the 

package atmosphere with a low oxygen, carbon-dioxide-containing gas mixture (G. L. 

Robertson, 2013; Sivertsvik, Jeksrud, et al., 2002). However, even in conjunction with the cold 

chain, MAP can only inhibit, but not eliminate, microorganism growth (Arashisara, Hisar, 
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Kaya, & Yanik, 2004; Gram & Huss, 1996; Sivertsvik, Rosnes, & Kleiberg, 2003). Thus, the 

need for a low microbial level in the product before the packaging step is inevitable.  

Electrolysed oxidising water (EO water) is one of the newest technologies in sanitation 

that can be applied in wash water to minimise microbial load prior to packaging. EO water was 

introduced first in Japan around 1980 (Iseki et al. (2002) in Al-Haq, Sugiyama, and Isobe 

(2005)) largely as an alternative to conventional use of chlorine as a sanitiser. EO water alone 

and/or in combination with other treatments has been the subject of research because it has 

sufficient bactericidal activity against spoilage and pathogenic bacteria with minimal impact 

on seafood product sensory quality such as when applied to wash fish, (Khazandi et al., 2017; 

Zhou, Liu, Xie, & Wang, 2011), shrimps (B. Zhang, Ma, Deng, Xie, & Qiu, 2015) and squid 

(Xuan et al., 2017). EO water is reported to have less ability to form harmful chemical 

compounds, such as trihalomethanes compared to conventional chlorine sanitation (Colangelo 

et al., 2015; Gómez-López, Marín, Medina-Martínez, Gil, & Allende, 2013; Huang, Hung, 

Hsu, Huang, & Hwang, 2008). Many researchers have studied this technology during the last 

three decades (Al-Haq et al., 2005; Huang et al., 2008; Issa-Zacharia, Kamitani, Muhimbula, 

& Ndabikunze, 2010) as an alternative to other oxidative sanitisers to reduce corrosion that can 

be associated with some sanitisers and to improve safety for the workers. Thus, this technology 

was promising as an approach to be used as a wash sanitiser in the Atlantic salmon fillets 

industry.  

 

1.2  Processing of Atlantic salmon  

It takes three years for Atlantic salmon to grow to harvest with one and a half years in 

fresh water and then one and a half years in the sea cages. The industrial practice of TASSAL 

Ltd is to grow salmon in two different salmon farms to minimise the risk of environmental or 

diseased issues affecting the ability to supply the market. Currently TASSAL Ltd salmon farms 
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are located in Dover and Macquarie Harbour. Dover, is the southernmost town in Tasmania, 

while Maquarie Harbour is in the West Coast region of Tasmania (Fig. 1-1). The environmental 

conditions at these sites are shown in Table 1-1.  

 

Table 1-1:Environmental conditions and Atlantic salmon harvest time of Dover and 
Macquarie Harbour of Tasmania 

Parameter  Dover Harbour Macquarie 
Harbour  

References  

Salinity (ppt) - 34 (Average) 18 – 27  (Emery, Smullen, Keast, & Turchini, 
2016; Ross & MacLeod, 2017) 

Water temperature 
(°C) 

12.7 (Average)  12 – 15  (Emery et al., 2016; Ross & MacLeod, 
2017) 

Harvest time July – December  February – 
June 

Lamb, TASSAL Ltd 2016, personal 
communication 

 
 

 

 

 

 

 

 

 

 

 

 
Source: Google.map 

Figure 1-1: Dover and Macquarie Harbour of Tasmania, Australia.  

 

For the current TASSAL industrial process (Fig. 1-2) studied in this thesis a pre-

processing stage is used post-harvest on head-on gutted (HOGs) fish to reverse rigor mortis 

prior to machine filleting and removal of pin bones. HOGs are stored in 4000 L capacity 

Dover 
Harbour 

Macquarie 
Harbour 
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polyethylene double walled containers with 1000 L of cold seawater and 10 - 15 kg of fresh 

water ice (depending on the season). A dose of 15 ppm of chlorine-base sanitising agent (XY-

12, Ecolab, Whyalla, SA Australia) is added at the start of storage. The bins of HOGs in the 

ice-water are held in a cold room for between two to five days prior to filleting. The subsequent 

process, from washing to machine filleting and deboning to MAP at 0.4:1 G/P ratio uses a 

continuous conveyor and takes less than five minutes to complete (Fig 1-2). MAP trays of 

fillets are packed into cartons and the days production accumulated for one to six hours before 

being dispatched in refrigerated truck to be delivered Australia wide via the ferry/road network. 

The distribution takes one to six days to reach the market depending on the destination. The 

storage and display time in-store are between four and eight days before it is discounted as it 

nears the end of the use-by date.  
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Figure 1-2. Fresh salmon chilled fillets processing line as operated by TASSAL Ltd, TAS, Australia.  

Harvesting 
Cutting out 

and cleaning 
the gut 

Packaging in 
ice-water in 

bulk 
containers 

Transportation 
to processing 

plant

Pre-
processing 

relaxation of 
rigor mortis

Dumping into 
receiving bin 

to feed the 
processing

Filleting and 
deboning

Cutting into 
200-300g 
portions

Weighing 
check 

MAP 
packaging 

Palletisation 
for 

transportation 

Road 
distribution 

Receiving cold 
storage 

Display of bulk trays of portions on ice  for 
retail sale

Pr
od

uc
tio

n 
of

 th
e 

H
O

G
s 

Pr
oc

es
si

ng
 a

nd
 

Pa
ck

ag
in

g 
D

is
tri

bu
tio

n 

2 – 5 d 

1 min/HOG  10 min/container  

1 – 8 h 

1 – 6 d 0 – 8 d 0 – 1 d 

<1 min/HOG <1 min/tray <1 min/tray 1 s 



 7 

1.2.1   Factors that affect spoilage, quality and shelf-life of fresh fish fillets 

Spoilage in seafood is when it has unacceptable characteristics such as off-odour, and 

off-flavour. Spoilage of food can occur by microbial, chemical, enzymatic and physical 

reaction (Zwietering, Wijtzes, Rombouts, & Riet, 1993). Spoilage of fresh fish products has 

been of major concern to the seafood industry because product safety and quality drive sales. 

Producers must use reliable technology to ensure consumer safety and a high level of product 

eating quality.  Fish spoilage is mainly caused by microorganism (Dalgaard, Gram, & Huss, 

1993; Gram & Dalgaard, 2002; Gram, GunillaTrolle, & Huss, 1987; Gram & Huss, 1996). 

Seafood tissue is reported as sterile at harvest (Fuentes‐Amaya, Munyard, Fernandez‐Piquer, 

& Howieson, 2016). However, microbial flora present on the skin, gills and gut could be the 

source of microbial contamination post-harvest that leads to spoilage (Fuentes‐Amaya et al., 

2016; Gram & Huss, 1996).  

Every seafood product has their own specific and characteristic microbial flora, from 

post-harvest, processing, preservation and storage (Gram et al., 2002). Gram and Huss (1996) 

and Dalgaard (2000) stated that the microbiological complexity of seafood could be divided 

into two factors. They are: (1) Both specific and non-specific contaminations of seafood from 

their living habitat and during processing and (2) Microbial internal and external growth 

condition factors such as temperature, aw, pH, and microbial interactions. These conditions 

result in every product potentially having a different specific spoilage microflora. The best  

way to inhibit the growth of these bacteria could therefore be different from one product to 

another.  

Although the microflora of cool temperate waters used for salmon aquaculture is 

dominated by psychrotropic Gram-negative, rod-shaped bacteria, the Gram-positive organisms 

like Bacillus, Micrococcus, Clostridium, Lactobacillus and Corynebacterium can also be found 

(Gram & Huss, 1996). Furthermore, they also stated that a close relationship has previously 
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been reported between the number of bacteria in the water and the spoilage rate of fish products. 

Therefore, control of microorganism during the initial stages of fish processing plays a 

prominent role in maintaining the safety and quality of the final product.  

The level of spoilage of fresh fish is characterised sensorially by the decrease or even 

loss of fresh fish flavour (sweet and sea-weedy) in the products (Gram & Huss, 1996). 

Furthermore, they explained that, deterioration of fish initially starts when autolytic enzymes 

degrade the nucleotides (adenosine triphosphate-ATP-related compounds) causing off-odour 

and off-flavour. The autolytic changes also provide amino acid and nucleotides as further 

possible sources for bacteria to grow. The types of off-odours and off-flavours in the fish 

products depends on the species and the environment in which they are caught, as well as 

processing and storage conditions. 

Food quality is the result of the product characteristics that can give satisfaction to the 

consumers and is backed with legal standards (Zwietering et al., 1993). The quality of the food 

depends on the three main factors of organoleptic properties, nutritional value and safety. Fish 

is categorised as a highly perishable food. Without proper handling, production, and packaging 

the deterioration will rapidly occurs and shorten the shelf-life (Dalgaard et al., 1993; Sallam, 

2007). Thus, inhibition of microbial growth is priority for the seafood industry. The shelf-life 

of the seafood products depends on the microbial level and the chemical and sensory properties 

such as texture, odour and colour (Institute of Food Science and Techology (U.K.), 1993; 

Sallam, 2007). There are four stages of microbial growth: lag, log, stationery and decline. In 

the lag phase, a low number and unfavourable growth conditions, means that bacterial are 

adjusting their metabolism to cope with the environmental conditions and the growth is 

insignificant (Baranyi & Roberts, 1994). Extending the lag phase on a product results in the 

products having a longer shelf-life. Although the microbial load for raw fish should be below 

106 CFU/g and maximum 107 CFU/g of total viable count (TVC) or aerobic plate count (APC) 
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(Stannard, 1997), some studies showed that microbial load may vary between 106 – 109 CFU/g 

at sensory rejection (Leroi, Joffraud, Chevalier, & Cardinal, 1998; Parlapani, Mallouchos, 

Haroutounian, & Boziaris, 2014).  

 

1.2.2   Importance of odour for consumer perception of freshness 

Aroma or odour is one of the quality elements of seafood products. The odour is a  good 

indicator of the freshness of the product because some odours are characteristically produced 

by microorganisms (Joffraud, Leroi, Roy, & Berdague, 2001; Jorgensen, Huss, & Dalgaard, 

2000). Only some information is known about the microbial composition of fresh chilled 

salmon and the impacts it has on specific odours. Powell and Tamplin (2012) reported that 

Carnobacterium or Shewanella was dominant in microbial communities of Atlantic salmon 

fillets packed in MAP along with a significant presence of Lactobacillus and Lactococcus. 

Macé et al. (2013) revealed that although Lactobacillus piscium and Carnobacterium 

maltaromaticum were categorised as low spoilers, they produced butter-like odours. There is a 

possibility that, at some point, the butter-like odour replaces the natural odours of salmon 

fillets, leading customers to categorise it as off-odour. 

C. maltaromaticum, categorised as one of three species determined as fast and strong 

spoilers in raw salmon fillets stored in MAP (Hansen, Mørkøre, Rudi, Langsrud, & Eie, 2009), 

is able to grow at cold temperatures (1 – 1.5° C) and in high CO2 concentrations (80 – 90%) as 

concluded by (Leisner, Laursen, Prevost, Drider, & Dalgaard, 2007). Hansen et al. (2009) also 

investigated the spoilage potential of C. maltaromaticum, in single or combination growth and 

interaction with other bacteria. The results showed P. phosphoreum inhibited the growth of C. 

maltaromaticum with a decrease of about 1 log CFU/g and became the dominant flora. Lactic 

acid bacteria (LAB) are categorised as microorganisms that are naturally present in food and  
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are responsible for pathogen suppression inhibition as they produce a wide range of inhibitory 

compounds such as organic acids, hydrogen peroxide, diacetyl and bacteriocins (Leroi, 2010).  

Photobacterium can usually can be found in fresh salmon packaged in MAP (Milne & 

Powell, 2014; Rudi, Maugesten, Hannevik, & Nissen, 2004). Although P. phosphoreum could 

inhibit C. maltaromaticum, it was also associated with the reduction of trimethylamine N-oxide 

(TMAO) to trimethylamine (TMA). TMA is described as giving sour and fishy amines odours 

in marine fish and raw salmon (Dalgaard, 1995; Dalgaard et al., 1993; Emborg, Laursen, 

Rathjen, & Dalgaard, 2002; Hansen et al., 2009). P. phosphoreum produced amine and sour 

off-odours on spoiled salmon packed in MAP (Emborg et al., 2002; Macé et al., 2012; Macé 

et al., 2013). In contrast, Emborg et al. (2002) found that, even though P. phosphoreum was 

the dominant bacterial species in fresh MAP package salmon with more than 106 CFU/g, it 

only produced small amounts of biogenic amines. Little is known about how much consumers 

can recognise the smell of biogenic amines and then define it as off-odour. Table 1-2 shows 

microorganisms identified in MAP packaged fresh salmon and odour characteristics. The 

extent of reduction of TMAO to TMA can vary in the same fish species, thus TMA content is 

not an accurate quality criterion (Malle & Poumeyrol, 1989). Malle and Poumeyrol (1989) 

developed an index of fish freshness using the ratio P expressed as % of total volatile basic 

nitrogen (TVBN) and TMA. In their study the TMA level of cod, whiting and mackerel were, 

1.06, 1.20 and 1.05 mg/100g respectively with P values of 0.59, 0.58 and 6.64 respectively.  

Volatile organic compounds (VOCs) are organic chemicals that contribute the odour of 

foods. When they are produced by microbes such as fungi and bacteria, they are called 

microbial volatile organic compounds (MVOCs). Since the 1970s, research studies on MVOCs 

as indicators of bio-contamination, have increased significantly due to their practicality to 

detect spoilage off-odour caused by microorganism during processing and storage (Korpi, 

Järnberg, & Pasanen, 2009). These authors summarised the complex metabolic pathways for 
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MVOCs formation and depicted them (Fig. 1-3). The precursors, and common MVOCs are 

listed in Table. 1-3. 

 

Table 1-2: Odour characteristic assigned by microorganisms of salmon fillets in vacuum or 
modified atmosphere packages. 

Microorganism  Products Condition Odour 
characteristics 

References  

Shewanella baltica  Raw salmon  MAP (50%CO2;50%N2); 
(55%CO2;45%N2, then 
30%CO2; 70%N2) 

Amine, acid   Powell and Tamplin 
(2012) 
Macé et al. (2013) 
 

Photobacterium 
phosphoreum 
 

Raw salmon  MAP (50%CO2;50%N2) Sour Macé et al. (2013) 

Photobacterium 
phosphoreum 
 

Raw salmon  MAP (50%CO2;50%N2) at 
8°C day 12 

Amine Macé et al. (2013) 

Lactococcus 
piscium  
 

Raw salmon  MAP (50%CO2;50%N2) at 
8°C day 7 

Butter  Macé et al. (2013) 

Lactococcus 
piscium 
 

Raw salmon  MAP (50%CO2;50%N2) at 
8°C day 12 

Nothing  Macé et al. (2013) 

Carnobacterium 
maltaromaticum  
 

Raw salmon  MAP (50%CO2;50%N2) at 
8°C day 7 

Butter  Macé et al. (2013) 

Carnobacterium 
maltaromaticum 
 

Raw salmon  MAP (50%CO2;50%N2) at 
8°C day 12 

Sour  Macé et al. (2013) 

Hafnia alvei Raw salmon  MAP (50%CO2;50%N2) at 
8°C day 7 

Pyrrolidine Macé et al. (2013) 

Hafnia alvei Raw salmon  MAP (50%CO2;50%N2) at 
8°C day 12 

Pyrrolidine Macé et al. (2013) 

Pseudomomas spp. Raw salmon  MAP (100%CO2) NA (Milne & Powell, 
2014) 

L. alimentarus 
 

Cold-smoked salmon  Vacuum pack Pungent, sour  Joffraud et al. (2001) 

L. farcimis  
 

Cold-smoked salmon  Vacuum pack Sour, acid, milky  Joffraud et al. (2001) 

L. sake 
 

Cold-smoked salmon  Vacuum pack H2S. floorcloth  Joffraud et al. (2001) 

C. pisciola Cold-smoked salmon  Vacuum pack Butter, caramel. 
Sour, fruity 

Joffraud et al. (2001) 

Aeromonas spp.  Cold-smoked salmon  Vacuum pack Amine, socks, 
floorcloth 

Joffraud et al. (2001) 

S. putrefaciens 
 

Cold-smoked salmon  Vacuum pack Sickly sweet Joffraud et al. (2001) 

B. thermosphacta Cold-smoked salmon  Vacuum pack Blue-cheese, sour, 
pungent 

Joffraud et al. (2001) 

Enterobacteriaceae Cold-smoked salmon  Vacuum pack Cheese, wine, 
butter, malty 

Joffraud et al. (2001) 

 
 
 
 
 
 
 



 12 

Glucose  Aromatic 
aminoacids 

Aromatic secondary 
metabolites  

Pyruvate  Polyketides  Ochratoxins  

Acetate(acetylCoA)  Aldehydes  Alkanes 
Alkenes  

TCA cycle  Esters  Fatty acids  Lipids  

Aminoacids  Alcohols  Methylketones  

Lactones  
Sulphur 
compounds  

Nitrogen  
compounds  

Mevalonate  Isopentenyl-PP  Dimethylallyl-PP  Isoprene  

Farnesyl-PP  

Geranyl-PP  
Monoteroenes 
2-Methylsoborneol  

Sesquiterpenes 
Thricothecenes 
Geosmin  

Table 1-3:The precursors and common MVOCs  
Precursors Volatile product(s) 

Amino acids  
  Alanine  
  α-Amino acids  
  Glycine    
  Leucine  
  Methionine, cysteine  
  Valine  
  Phenylalanine  
 
Organic acids  
  Fatty acids  
   
 
 
 
 
Medium-chain fatty acids 
  γ - or δ- Hydroxy acids,  
  keto acids, long-chain fatty acids  
  Linoleic acid, linolenic acid  
 
 
 
Others  
  Isopentenyl pyrophosphate  
 

 
Acetaldehyde 
Alkyl methoxy pyrazine  
Formaldehyde  
3-methyl-1-butanol  
Dimethyl disulphide  
2-methyl-1-propanol  
Phenyl acetaldehyde  
 
 
Alkenes and alkadienes,  
  Aldehydes, methylketones with one carbon     
  less than the original fatty acid (e.g. 2-   
  butanone, 2-pentanone, 2-hexanone, 2- 
  heptanone, 2-undecanone)  
 
 
Acetates 
4-hexanolide,  
6-pentyl-α-pyrone  
1-octen-3-ol, 3-octanol, 3-octanone, hexanal, heptanal, nonanal  
 
 
Terpenoid compounds: monoterpenes, sesquiterpenes and their 
alcohols, geosmin  

Source: (Korpi et al., 2009)) 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Adapted from Korpi et al. (2009) 
Note:  MVOCs are in italics Abbreviations; CoA = coenzyme, PP = pyrophosphate,TCA = 
tricarboxylic acid 
 
Figure 1-3: Main metabolic pathways for the production of some microbial organic 
compounds (MVOCs).   
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1.2.3   Methods of assessment of seafood spoilage 

1.2.3.1   Sensory evaluation  

Sensory evaluation can be used to monitor the changes of sensory properties of the 

seafood product during storage conditions (Chang, Chang, Shiau, & Pan, 1998; Fuentes‐

Amaya et al., 2016; Jaffrès et al., 2011). However, the drawback of using this method for 

accurate quality assessment is that it can be expensive as it requires trained panellists, and in 

some cases ethical approval (Fuentes‐Amaya et al., 2016). Industrial practice is to build their 

own sensory assessment methods (appearance, odour and colour) for use in quality control of 

salmon fillets (Table 1-4). The Salmon Roche Colour Fan is commonly used as a tool to 

measure the colour of the salmon flesh. The appearance and texture are checked following their 

guidance.  

 

Table 1-4: Organoleptic assessment guidance of fresh salmon fillets  

Appearance  Odour  Colour  
Tail ends docked  No off-odour indicated  Min 27 of Roche scale  
No bruising apparent  
One or two small bloodspots 
Minimal gapping  
Small amount of belly flap 
No slime detected  

Source: (Lamb, TASSAL Ltd 2016, personal communication) 

1.2.3.2   Volatile organic compounds  

VOCs have been investigated to explore the changes of seafood freshness for a decade. 

The VOCs have been characterised on crab and prawn (Z. Zhang, Li, Luo, & Chen, 2010), 

mussels (Odeyemi, Burke, Bolch, & Stanley, 2018; Tuckey, Day, & Miller, 2013), oysters 

(Haucke, Medina, Linssen, & Luten, 2016), sea bream and sea bass (Parlapani & Boziaris, 

2013; Parlapani et al., 2014). However, the VOCs of Atlantic salmon are not well documented. 

Wierda, Fletcher, Xu, and Dufour (2006) have investigated the VOCs of fresh king salmon 

(Oncorhynchus tshawytscha) and Macé et al. (2013) and Miks-Krajnik, Yoon, Ukuku, and Yuk 



 14 

(2016) have investigated the VOCs of Atlantic salmon (Salmo salar). VOC could be monitored 

using SPME-GCMS methods and  

Solid-phase microextraction (SPME) has proven to be a reliable tool to analyse VOCs 

in seafood to evaluate the degree of seafood spoilage (Vas & Vekey, 2004). This sample 

preparation technique depends on partitioning of the analyte between the immobilised 

extracting phase being a coated fused-silica fibre and the matrix (air, water or extract) 

(Kataokaa, Lord, & Pawliszyn, 2000; Xu et al., 2016). The SPME technique can be used 

routinely in combination with gas chromatography (GC), GC–mass spectrometry (GC–MS), 

GC – triple quadrupole MS (GC-QqQ MS), high-performance liquid chromatography (HPLC) 

or LC–MS (Gionfriddo, Naccarato, Sindona, & Tagarelli, 2012; Kataokaa et al., 2000). 

Parlapani et al. (2019); Parlapani, Michailidou, Anagnostopoulos, et al. (2018); Wierda et al. 

(2006) and Z. Zhang et al. (2010) measured peak responses of VOC’s at different stages of 

storage and found it was possible to identify compound whose levels increased or decreased or 

remained constant during storage. Thus, the freshness or spoilage indicators can be recognised 

from the volatile compounds that decrease on storage and the spoilage indicators from the 

compounds that increase with storage. 

The types of SPME are headspace (HS)-SPME and direct immersion (DI)-SPME 

(Kataokaa et al., 2000; Xu et al., 2016). The difference between these two is the material to be 

exposed. In HS-SPME the fibre is exposed in the vapour above a gaseous, liquid or solid 

sample, while for DI-SPME the fibre is directly immersed in liquid samples. HS-SPME was a 

preferable method to investigate VOCs in seafood products (Macé et al., 2013; Odeyemi et al., 

2018; Parlapani, Haroutounian, Nychas, & Boziaris, 2015; Parlapani, Mallouchos, 

Haroutounian, & Boziaris, 2017; Wierda et al., 2006). 

Wierda et al. (2006) developed a SPME method to identify volatile compounds of fresh 

king salmon fillets that can be used as markers for its quality.  They identified groups of 
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alcohols (cyclopentanol, Z-2-penten-1-ol, 1-penten-3-ol, and 1-octen-3-ol) and aldehydes 

(hexanal, octanal, E-2-pentenal, and E-2-hexenal) as freshness markers while several volatiles 

(acetoin, ethyl benzene, propyl benzene, styrene, 3-methyl butanoic acid, and acetic acid) were 

identified as markers for salmon spoilage. Macé et al. (2013) identified specific volatile 

compounds when P. phosporeum was inoculated into raw salmon matrix and incubated for 8 

days under MAP stored at 8° C. These were isobutyraldehyde, acetic acid, ethyl acetate, 

butanal, 2-methyl butanal, 3-methyl butanal 1 propanol-2 methyl, 3-methyl-2-butanol, 

benzaldehyde and benzene acetaldehyde. TMA, ethanol, 3-methyl-1butanol, acetoin and acetic 

acid were identified and quantified as potential chemical spoilage indexes (CSIs) for raw 

salmon stored at 4° C, 10° C and 21° C (Miks-Krajnik et al., 2016). 

 

1.2.3.3   Microbiological methods  

Microbial analysis is the predominant way shelf-life is currently determined for fish 

products. There are two main approaches to microbiological analysis.  The first is culture-

dependent methods, also known as traditional microbiological methods. These methods have 

been used for several decades to investigate the spoilage flora of seafood (Table 1-5). The 

culture dependent methods involve the use of growth media to culture and isolate bacteria from 

seafood (Amann, Ludwig, & Schleifer, 1995). However, the limitation of this approach is that 

it only shows the bacteria that can grow on the media (Powell & Tamplin, 2012; Rudi et al., 

2004). The culturable approach is not able to show the total diversity and dominance of the 

microbial communities.  Other limitations are: (1) time consuming (2) laborious (3) do not 

detect non-culturable bacteria (4) have limited reproducibility and sensitivity and (6) do not 

reveal the total community (viable unculturable and non-viable) (Powell & Tamplin, 2012; 

Rudi et al., 2004).  
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The second approach to microbial characterisation is using molecular methods. These 

methods involve the use of polymerase chain reaction (PCR) and are normally based on the 

ribosomal ribonucleic acid (16S rRNA) gene. They are often used to investigate microbial 

communities in seafood (Table 1-5). The methods target a region such as 16S rRNA gene with 

universal primers and can be used to detect and identify both culturable and non-culturable 

bacteria (Hovda, Sivertsvik, Lunesta, Lorentzen, & Rosnes, 2007). The 16S rRNA sequences 

are used to study communities, bacterial phylogeny and taxonomy for a number of reasons 

including (1) its presence in all bacteria (2) the function of the 16S rRNA has not changed over 

the time and (3) the 16S rRNA genes are large enough for informatic purposes (i.e. >1,500 bp) 

(Janda & Abbott, 2007).  

The molecular method of culture characterisation involves extraction of the nucleic acid 

(DNA)/RNA from the samples. Extracted nucleic acids are then amplified using either 

universal primers or species-specific genes before sequencing. Sequences are then compared 

to sequences available in data bases like the National Centre for Biotechnology Information 

(NCBI) GenBank to establish the phylogenetic relationship of the isolates (Hovda et al., 2007; 

Odeyemi et al., 2018; Rudi et al., 2004). A major concern about this methods for routine use is 

the cost and quality of the reference databases (Boudewijns, Bakkers, Sturm, & Melchers, 

2006). Other limitations are the time taken and the inability to differentiate the DNA of viable 

from that of dead microbial cells.  

Metagenomic methods such as next-generation sequencing (NGS) are able to address 

the problems being faster and more cost effective in analysing microbial communities 

compared to other methods like PCR – DDGE (denaturing gradient gel electrophoresis) (H. J. 

Kim et al., 2014). The main advantages of NGS to older methodologies such as DDGE and 

TRFLP is the superior sequence coverage (e.g Illumina GAllx, HiSeq2000 and MiSeq) and 

longer fragment lengths (454 Life Sciences) that can give higher taxonomic resolution as 
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reported in earlier studies by Bokulich and Mills, 2012; Ni et al, 2017 and Samarajeewa et al, 

2015).  The number of studies exploring microbiomes in diverse and complex environments 

had expanded significantly since 2014 when the first high-throughput sequencing platform was 

released (Filippis, Parente, Zotta, & Ercolini, 2018). Filippis et al. (2018) compared four 

bioinformatic procedures using different combinations of Operational Taxonomic Units (OTU) 

picking and taxonomy assignment strategies. They concluded that a closed reference OTU 

picking gave the most divergent result at both alfa and beta diversity. 
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Table 1-5:Techniques for monitoring bacterial community succession in fish products.  

Technique Seafood Products Bacteria References  
Culture dependent    
PCA, MA, IA, MRS, 
STAA, VRBGA, TSA, 
LH 

Raw salmon, King 
George whiting 
fillets, Salmon fillets 
packed in MAP 

Serratia spp., Photobacterium phosphoreum, Yersinia 
intermedia, Hafnia alvei, Buttiauxella gaviniae, Pseu- 
domonas sp., Carnobacterium maltaromaticum, 
Carnobacterium divergens, Lactococcus piscium, Lactoba- 
cillus fuchuensis, Vagococcus carniphilus, Leuconostoc 
gasicomitatum and Brochothrix thermosphacta.. 
Propionibacterium sp. Shigella sp. Pseudomonas spp. 
Brochothrix thermosphacta  

(Parlapani et al., 2015) 

Culture independent    
PCR-TTGE  

Raw salmon,  
Serratia spp., Photobacterium phosphoreum, Yersinia 
intermedia, Hafnia alvei, Buttiauxella gaviniae, Pseu- 
domonas sp., Carnobacterium maltaromaticum, 
Carnobacterium divergens, Lactococcus piscium, Lactoba- 
cillus fuchuensis, Vagococcus carniphilus, Leuconostoc 
gasicomitatum and Brochothrix thermosphacta.  

(Macé et al., 2012; Macé et al., 
2013) 
 

PCR-DDGE Halibut Photobacterium phosphoreum and Pseudomonas spp 
Brochothrix thermosphacta Shewanella putrefaciens 

(Hovda et al., 2007) 

ssPCR  Acinetobacter, Pseudomonas,  
Aeromonas salmonicida, Shewanella  

(Parlapani & Boziaris, 2013) 

T-RLFP Salmon and coal 
fish  

Photobacterium phosphoreum Brochothrix spp. and Carno- 
bacterium spp Carnobacterium divergens Carnobacterium 
piscicola B. thermosphacta C. piscicola 

(Rudi et al., 2004) 

Next-generation 
sequencing (NGS), 
Pyrosequencing  

Salmon fillets, live 
mussels packed in 
MAP 

Aliivibrio, Vibrio, Photobacterium Shewanella spp. 
Carnobacterium spp. Lactococcus, Clostridium, Yersinia, 
Serratia, Vagococcus, Aeromonas, Pseudomonas, 
Flavobacterium, Psychrobacter 

(Jia et al., 2018; Li et al., 2019; 
Parlapani et al., 2019; Parlapani, 
Michailidou, Pasentsis, et al., 
2018; Zotta, Parente, Ianniello, 
Filippis, & Ricciardi, 2019) 
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1.3   Specific spoilage organisms of Atlantic salmon  

Specific spoilage organisms (SSO) are particular organisms that can contribute to the 

unpleasant changes and cause the sensory rejection (spoilage) of the products (Gram et al., 

2002). To be classified as a potential SSO an organism should meet two conditions: Firstly, the 

microorganism should have an ability to grow at the same temperature as the product 

processing or storage; secondly, the compounds that are produced by those organisms should 

result in significant changes to colours, flavours, odours and texture of the fish (Castell & 

Anderson, 1948; Odeyemi, Burke, Bolch, & Stanley, 2019; Parlapani & Boziaris, 2016; 

Parlapani et al., 2014; Parlapani et al., 2019; Parlapani, Michailidou, Anagnostopoulos, et al., 

2018).  

Pseudomonas, Moraxella, Acinetobacter, Shewanella, Flavobacterium, Streptococcus 

Vibrionaceae, Aeromonadaceae, Flavobacterium, Psychrobacter,  are bacteria that dominate 

the microbial communities of temperate water fish (Gram & Huss, 1996; Parlapani, 

Michailidou, Anagnostopoulos, et al., 2018; Parlapani, Michailidou, Pasentsis, et al., 2018; 

Zotta et al., 2019). However, only Shewanella putrefaciens and Pseudomonas spp. have been 

identified as the SSO of fish in both temperate and tropical water under conditions of aerobic 

ice storage (Gram & Huss, 1996). Both Shewanella spp. and Pseudomonas spp. have been 

identified having significant effects on the sensory parameters of fresh fish. Shewanella spp. 

produces volatile sulphides and TMA (Gram, 1995; Joffraud et al., 2001), while Pseudomonas 

spp. is associated with fruity-off odours in many species of fish stored in a low-temperature 

condition (Olafsdottir, Jonsdottir, Lauzon, Luten, & Kristbergsson, 2005; Parlapani et al., 

2015). 

Photobacterium phosphoreum, Shewanella and Pseudomonas spp. have also been 

identified as the SSO in the fresh salmon packed in MAP and salmon processing plants 

(Emborg et al., 2002; Langsrud, Moen, Møretrø, Løype, & Heir, 2015; Milne & Powell, 2014; 
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Rudi et al., 2004). Furthermore, the primary contamination routes of Norwegian salmon 

processing plants were investigated by Møretrø, Moen, Heir, Hansen, and Langsrud (2016). 

They identified that Shewanella, Photobacterium and Pseudomonas were the dominant genera 

in salmon pre-rigor processing. They also found that the levels of both Shewanella spp. and 

Pseudomonas spp. of fillets processed early in the shift were higher than in later prepared 

fillets. An overview of the major contaminants in the salmon fillets of producers in Norway is 

shown in Figure 1-4.  

 

 

 

 

 

 

 

 

Note:  
Ph = Photobacterium  
P   = Pseudomonas 
S   = Shewanella  
Source: Møretrø et al. (2016). 
 
Figure 1-4: The dominants species of SSO in the salmon fillets processing plants in Norway.  

 

P. phosphoreum is a CO2 -resistant species that belongs to the N-group bacteria that 

produce biogenic amines from fish that are stored aerobically (Dalgaard et al., 1993; Macé et 

al., 2013). Emborg et al. (2002) proved that P. phosphoreum was the dominant SSO in 

Norwegian fresh salmon packed in the MAP (60% CO2 and 40% N2; G/P ratio = 2/1). The 

domination of P. phosphoreum was determined by identifying the colonies on Long and 

Hammer (LH) agar as large Gram-negative coccobacilli, fermentative, and able to grow at 0° 
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C.  P. phosphoreum can grow to sufficient levels at 8° C of storage temperature after seven 

days to spoil fillets (Macé et al., 2013). Both Powell and Tamplin (2012) and Milne and Powell 

(2014) concluded that Photobacterium was not a typical spoilage microorganism in Tasmanian 

Atlantic salmon, due to the presence of Photobacterium being undetectable in growth 

conditions recommended by Emborg et al. (2002). These findings indicated that study on the 

microbial community of Atlantic salmon fillets is needed to understand the spoilage bacteria 

present compared to prior reports from the northern hemisphere.  

Nonfluorescent Pseudomonas were most likely found as the dominant flora on 

aerobically chilled stored salmon portions after reaching the spoilage condition. They were 

identified as the SSO in a temperature range of decomposition between 2 – 10° C (Rasmussen, 

Ross, Oley, & McMeekin, 2002). Temperature gradient gel electrophoresis (TTGE) analysis 

showed that by Day 3 Pseudomonas was one of the dominant microflora of salmon fillets when 

stored under MAP ((50% CO2 : 50% N2) for three days at 2° C and transferred to 8° C for 

seven days after a cold chain break at 20° C for 2 h. However, it was not detected in later 

samples (Days 7 and 10) (Macé et al., 2012). Conversely, Pseudomonas spp. most likely 

survived under a high level of CO2 and dominated the SSO bacterial community of Atlantic 

salmon fillets packaged in MAP (100% CO2 and 30% CO2 : 70% N2) for 31 days (Milne & 

Powell, 2014; Powell & Tamplin, 2012). Powell and Tamplin (2012) used DNA-based 

methods to investigate the microbial community while Milne and Powell (2014) identified the 

colonies using partial sequencing of the 16S rRNA gene as well as culture-based enumeration 

for comparison methods.  

Huss (1995) concluded that Pseudomonas and Shewanella were the dominant SSO’s 

after 7 – 14 days of chilled storage. Powell and Tamplin (2012) also found that Shewanella 

spp. was one of the dominant SSOs with a low level of Shewanella baltica found as a spoilage 

bacteria of salmon fillets under MAP after 15 days of storage at 4° C. In the work of Macé et 
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al. (2013), sensory analysis was conducted where the product was categorised as strongly 

spoiled if more than 50% of the assessors classified them at this level. The result showed that 

although the growth of S. baltica on salmon fillets stored in MAP (50% CO2 : 70% N2) was up 

to 4 log CFU/g after one day of storage at 8° C, the fillets were classified as lightly spoiled. 

However, Macé et al. (2012) identified no S. baltica in their investigation on the 

characterisation of spoilage microbiota in raw salmon steaks stored under MAP. 

 
1.4   Hurdle technology approaches to extend shelf-life of fish fillets  

Preventing food spoilage means controlling and inhibiting the growth of bacteria in the 

products. Refrigeration is the most important preservation technique in the seafood industry. 

A low temperature is needed during pre- and post-processing of the fish to maintain the 

freshness of the products. However, always maintaining the low temperature to preserve the 

freshness from harvesting, through to production and distribution is not easy in an industrial 

context. Additional steps, other than cold temperatures, are desirable to help control the growth 

of microorganism in the products. Hurdle technology is therefore an approach to maintaining 

food safety and preventing food spoilage that uses the combination of multiple treatments to 

optimise product safety, quality and shelf-life (Alakomi, Skytta, Helander, & Ahvenainen, 

2002). Besides using temperature, the inhibition of microorganism from growing in food 

products can be built on applying a combination of hurdles such as water activity, pH, oxygen 

content and redox potential (Leistner, 1995).  

The combination of interaction between sanitisers used for washing during the pre-

processing stage and MAP could be an improved technology for processing and distribution of 

during fresh salmon fillets. This combination could affect both the microbial load and the 

microbial community profile. Consequentially it could influence the VOCs of fresh Atlantic 

salmon when packaged as fillets and thus have an affect on the product quality and shelf-life.  
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1.4.1   EO water as a novel sanitation wash approach to extend shelf-life of fish fillets  

Sanitisers are usually used to kill microorganisms on surfaces that could otherwise act as 

an inoculum for food spoilage or pathogen contamination. EO water is a promising sanitising 

agent that has been investigated in the last two decades for its efficacy against spoilage and 

pathogenic bacteria of seafood products (Hu, Du, Wu, & Luo, 2015; Khazandi et al., 2017; W.-

T. Kim et al., 2006; Ozer & Demirci, 2006). EO water has also been used widely in various 

sectors such as the food and medical industries because it is perceived as safe, environmentally 

friendly, low-cost and easily implementable (Al-Haq et al., 2005; Ayebah & Hung, 2005; 

Huang et al., 2008; Powitz, 2010; Walker, Dimirci, Graves, Spencer, & Roberts, 2005). There 

are three types of electrolysed water, based on pH which is governed by where the water is 

collected from in the electrolytic system (Al-Haq et al., 2005; Ayebah & Hung, 2005). They 

are acidic electrolysed water (AEW), alkaline electrolysed water (AlEW), and neutral 

electrolysed water (NEW) (Al-Haq et al., 2005; Botanical Food Company Pty Ltd, 2014).  

The bactericidal effect of electrlyesed water is mainly caused by the presence of reactive 

chlorine compounds as the primary active oxidant (Cao, Zhu, Shi, Wang, & Li, 2009; Codex 

Alimentarius Commission, 2000; FAO, 2008). Oxidation-reduction potential (ORP) is the 

ability of a solution to oxidise or reduce chemical compounds. The ORP value is the potential 

(voltage) measured when oxidation occurs at the anode (positive) and reduction occurs at the 

cathode (negative) of an electrochemical cell, and is measured in millivolts (mV) (Suslow, 

2004). Solutions with higher values of ORP have greater oxidising strength compared to weak 

ORP solutions (Jay, Loessner, & Golden, 2005). For this reason, NEW is an effective sanitiser 

against microorganisms because EO water has an ORP in the range of +900 to > 1000 mV 

depending on concentration and the species of chlorine present. The level of 650 – 750 mV is 

needed for effective sanitation in a time of minutes (Suslow, 2004). NEW is also known as 

slightly acidic electrolysed water (SAEW) (Xuan et al., 2017). 
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Many studies have shown that the efficacy of EO water was influenced by ORP, free 

chlorine content (FCC) and pH (Cao et al., 2009; Len et al., 2002; Phuvasate & Su, 2010; J. 

Xie, Sun, Pan, & Zhao, 2012). Hypochlorite ions [-OCl] are formed predominately at a high 

pH, while hypochlorous acid [HOCl] is formed in nearly neutral pH and chlorine [Cl2] is 

formed in a low pH solution (Fig 1-5). HOCl is the major active antimicrobial and sporicidal 

agent in NEW. HOCl is the strongest oxidant due to its high ORP and has 80 times more 

antimicrobial activity compared to -OCl (Anonymous, 1997 in Cao et al. (2009)). NEW has a 

greater proportion of HOCl in the solution than AEW or AIEW. This is because the NEW pH 

value is usually controlled to be between 7.2 – 7.4 and the proportion of HOCl is maximal in 

the 5.3 – 7.5 pH range (Fukuzaki, 2006; Rahman, Khan, & Oh, 2016). In contrast, AEW has a 

pH between 2.4 – 2.7 and has less than 10 % FCC in the HOCl form (Rahman et al., 2016). 

The ORP of HOCl depends as much on the chloride ion  concentration [Cl-] as well as and pH 

[H+] (Emerson Process Management, 2008). 

Findings from Khazandi et al. (2017) and Navarro-Rico et al. (2014) suggest that NEW 

provides a stronger bactericidal effect compared to AEW, but with less impact on sensory 

properties. This might be due to the nearly neutral pH value and therefore higher proportion of 

HOCl present in NEW. Thus, the use of NEW with a high oxidant power, neutral pH and 

projected lower corrosion potential has become popular in the last decade.  

Bacteria can be killed by high oxidising potentials that impact ATP production through 

membrane rupture disturbing electron flow and creating disruption in cell metabolic processes 

(Liao, Chen, & Xiao, 2007; McPherson, 1993). HOCl is protonated allowing it to passively 

diffuse into and penetrate the microbial lipid bilayer causing oxidative damage, whereas 

ionised hypochlorite [-OCl] can only penetrate and react with the cell wall  (Fukuzaki, 2006; 

Huang et al., 2008). ORP might be the major factor that influences the efficacy of NEW as 



 25 

HOCl can react to produces a hydroxyl radical [OH-] that can diffuse through the microbial 

cell wall (Fukuzaki, 2006; C. Kim, Hung, & Brackett, 2000). 

 

 

Figure 1-5: The forms of chlorine as a function of pH. 

 

For practical industrial use, EO water must be stable enough to generate and store. 

Several factors may influence the stability of the EO solution. White (1999) stated that, as the 

ratio of dissolved chlorine gas to HOCl in the water is pH dependent, pH can be a factor that 

may affect the chlorine evaporation rate. Thus, loss of chlorine by off gassing can occur at low 

pH. The equation of HOCl production are shown in Table 1-6, indicating that HOCl can also 

degrade in solution, giving off a proton and lowering pH. However, EO water is more stable 

and chlorine loss is significantly reduced at pH 6-8 (Ayebah & Hung, 2005; Len et al., 2002). 

For NEW produced at pH 7.2 – 2.4, as the H+ concentration rises the decrease of pH value and 

will shift the chemical equilibrium towards the HOCl formation (Fig. 1-5).  It can therefore be 

found that, although the FCC was decreases, the ORP can slightly increase during HOCl 

storage time in concert with the decreased pH.  

 

• Most reactive 
• Penetration 
• Neutral 

• Very reactive 
• Off gassing Cl2 
• Acidic 

• Least reactive 
• Alkaline 

Target Range 
For EO water 

Chlorine Hypochlorous acid Hypochlorite 
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Table 1-6: Formula of HOCl production.  

Anode (positive pole):                        2H2O              4H+ + O2    + 4e- 
                                                                        2NaCl             Cl2 + 2e + 2 Na+ 

                                                            Cl2 + H2O             HCl + HOCl                                           
Cathode (negative pole):                    2H2O + 2e           2OH- + H2  
                                                                       2 NaCl + 2OH-                2NaOH+Cl- 
H-Hydrogen, O-oxygen, Na-sodium, Cl-chlorine, e-transfer electron 

Source: (USDA, 2015). 
 

The efficacy of NEW has been reported on both pathogenic and spoilage bacteria alone 

or with other treatments in seafood products (Khazandi et al., 2017; Navarro-Rico et al., 2014; 

Ovissipour, Shiroodi, Rasco, Tanga, & Sablani, 2018; Xuan et al., 2017). However, some prior 

research has shown that the efficacy of EO water declines with increasing amounts of organic 

substances and with storage time depending on conditions (Eryılmaz & Palabıyık, 2013; Len 

et al., 2002; Teng et al., 2018). Having the ice form of EO water could be an alternative as the 

ice will give a continuous release of sanitisers that would extend the bactericidal effect of the 

wash solution.  

  

1.4.2   Optimising modified atmosphere packaging 

MAP has become the most preferred packaging method following an increased demand 

in the last few decades for fresh chilled product (Sivertsvik, Rosnes, & Bergslien, 2002). MAP 

is used for this purpose primarily for higher-priced fresh products. The effectiveness of MAP 

for prolonging shelf-life is determined by raw material quality, storage temperature, carbon 

dioxide (CO2) concentration and oxygen (O2) availability (Sivertsvik, Jeksrud, et al., 2002). 

Low bacterial counts in the raw material delay log phase microbial growth and extend shelf 

life compared to raw material with high initial numbers of bacteria (Milne & Powell, 2014; 

Powell, Ratkowsky, & Tamplin, 2015).  

Low storage temperatures in combination with MAP, considerably extends shelf-life. 

Sivertsvik et al. (2003) reported that salmon fillets packed in MAP stored at -2° C had shelf-
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life that was 50% longer than the fillets stored at 4° C.  The most common gases used are CO2, 

nitrogen (N2) and O2, either  singly or in a combination (G. L. Robertson, 2006). Nevertheless 

most research on the use of MAP for salmon products has focused on a combination of CO2 

and N2 (Macé et al., 2012; Macé et al., 2013; Powell & Tamplin, 2012) or just the use of CO2 

(Milne & Powell, 2014). However the presence of O2 in MAP can also have a significant 

impact on lipid oxidation (Arashisara et al., 2004). 

The use of CO2 to inhibit microbial growth is widely known. The solubility of CO2 is 

high both in water and fat and the solubility decreases inversely with rise in temperature (G. L. 

Robertson, 2006). CO2 solubility at 0, 5, 10 and 20° C is 44, 40, 46 and 28 mg kg-1, respectively 

(G. L. Robertson, 2006; Sivertsvik, Jeksrud, et al., 2002). Because of its solubility CO2 is able 

to dissolve in the food product according to the Equation 1-1 (Knoche, 1980).  

 

 

Equation 1-1: Dissolution reaction of CO2 in water. 

 

The types of hydrated carbonate compound that form depends on pH as shown by 

Equation 1-1. Firstly, the dissolved CO2 hydrates to form protonated carbonic acid [H2CO3] 

that can disrupt microbial cell membranes and thus inhibit respiratory enzymes (Eq 1-2.1). 

Bicarbonate ions [HCO3-] are formed with the release of a proton H+ ion (Eq 1-2.2) but if pH 

rises to 8, carbonate [CO32- ] will be formed from the bicarbonate [HCO3-] (Eq. 1-2.3).  

 

         

   

 

Equation 1-2: Dissolution reaction of CO2 in water on pH change. 

 

CO2 + H2O     Û      H2CO3-                      1-2.1. 

H2CO3-      Û     HCO3- + H+                 1-2.2. 

HCO3-       Û     CO32-  + H+     1-2.3. 

 

CO2 + H2O    Û   H2CO3-   Û    HCO3- + H+    Û     CO32- +2H+             
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Although CO2 has bactericidal effects and is effective against moulds and Gram-negative 

aerobic spoilage bacteria, it is less effective against yeast and LAB (G. L. Robertson, 2006). 

The effectiveness of CO2 is also highly related to the type of microbial community that is 

present in the products and is characteristic of each type of  product  (Phillips, 1996). Sivertsvik, 

Jeksrud, et al. (2002) summarised the CO2 mechanisms of actions on microbes in to four stages: 

(1) alteration of cell membrane function impacting nutrient uptake and absorption; (2) direct 

inhibition of vital enzymes through pH; (3) disruption of bacterial membranes, leading to 

intracellular pH changes; and (4) direct changes in the physico-chemical properties of protein 

causing denaturation. However, even in conjunction with the cold chain, MAP can only inhibit 

microorganism growth  (Arashisara et al., 2004; Gram & Huss, 1996; Sivertsvik et al., 2003) 

and not eliminate the microbes. A low microbial load level in the product before the packaging 

step needs to be assured under good hygiene production and further growth must be minimised. 

Thus, MAP will be most effective with additional hurdles prior to packaging.  

 

1.4.3   Soluble gas stability  

The effectiveness of MAP is mostly determined by the CO2 concentration that dissolves 

into the fillets as given by the partial pressure of the gas inside the package and the G/P ratio 

(ratio between the gas and the product, v/w). A high G/P ratio allows sufficient CO2 to be used 

in the MAP packaging and be most effective in microbial suppression (Fernandez, Aspe, & 

Roeckel, 2009). Scientifically, the G/P ratio usually should be between 2:1 and 3:1 (volume of 

gas two or three time the volume of food) (Sivertsvik, Rosnes, et al., 2002). However, the low 

packaging density resulting from using a high G/P ratio is not acceptable for bulk fillets 

shipment as it considerably raises the costs of transportation.  

A method called soluble gas stabilisation (SGS) was proposed to solve the problem. SGS 

was proposed to allow fish fillets to dissolve CO2 prior to packaging (Sivertsvik, 2000). This 
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method had been tested in chicken (Al-Nehlawi, Saldo, Vega, & Guri, 2013; Rotabakk, 

Birkeland, Jeksrud, & Sivertsvik, 2006; Rotabakk, Lekang, & Sivertsvik, 2010) and seafood 

(Rotabakk, Birkeland, Lekang, & Sivertsvik, 2008; Sivertsvik & Birkeland, 2006; Sivertsvik, 

Rosnes, & Jeksrud, 2004; Sivertsvik et al., 2003). The potential is further supported by prior 

studies on the effectiveness of carbonic acid dipping of fish fillets for extending the shelf-life 

compared to no treatment or CO2 MAP alone (Lampila, 1991; Sivertsvik et al., 2003). 

Additionally, the studies have showed that SGS can potentially prevent the package collapse 

even at low G/P ratio. Packaging collapse happens when a high CO2 gas mixture is used and 

there is not enough CO2 availability in the package to saturate the product resulting in a partial 

vacuum (Sivertsvik, Jeksrud, Vagane, & Rosnes, 2004) 

A study of Rotabakk et al. (2010) showed that more than two thirds of dissolved CO2 

was maintained in the products after 60 mins of desorption. SGS also inhibited the total 

microbial population and decreased Pseudomonas of the chicken drumsticks and breast fillets  

(Al-Nehlawi et al., 2013; Rotabakk et al., 2006) and psychrotropic bacteria of Atlantic halibut 

(Rotabakk et al., 2008). However, the time needed for SGS treatment (15 min to 2 h) (Mendes 

& Gonçalves, 2008; Rotabakk et al., 2008) will lengthen processing times causing cost 

increases. It may be possible to pre-equilibrate the carbonic acid content in fish during storage 

on ice. CO2 is soluble in water. When CO2 dissolves in water it forms H2CO3, which is a weak 

acid, with below chemical equilibrium (Greenwood & Earnshaw, 1997).  

 

CO2 + H2O   Û  H2CO3 

Equation 1-3: Equilibrium of soluble CO2 in water  

 

At a low temperature of < 4o C, sufficient CO2 can be dissolved into the product in one 

to two hours using  pure of CO2  atmosphere exposure prior to packaging (Sivertsvik, Jeksrud, 



 30 

Vagane, et al., 2004). No previous studies, however, have used SGS on whole fish or HOG 

Atlantic salmon to determine the rates of CO2 equilibration into whole fish. While HOGs are 

larger than fillets and have skin/fat layers that may serve as barriers, sufficient time may be 

available for SGS treatment during reversal of rigor mortis. 

 

1.5   Research gaps 

The efficacy of EO water has been tested and shown to give good results against  

pathogenic and spoilage bacteria in fish (Al-Holy & Rasco, 2015; Hu et al., 2015; Huang et al., 

2006; Ozer & Demirci, 2006; Phuvasate & Su, 2010). However, the chlorine oxidation 

properties of EO water can be affected by the storage conditions and the presence of organic 

matter (Len et al., 2002; Rahman, Ding, & Oh, 2010; Teng et al., 2018). The stability of NEW 

during storage is not well documented nor understood when stored under industrial application 

conditions.  

The use of an active ice form of EO water was proposed to give extra time for fish product 

surfaces to be sanitised, as the active compound is released by slowly melting. Many laboratory 

scale observations have shown that acidified electrolysed ice (AEI) has the ability to inhibit 

the microbial growth during storage and helps seafood products to maintain quality (Feliciano, 

Lee, Lopes, & Pascall, 2010; W.-T. Kim et al., 2006; J. J. Wang et al., 2014; B. Zhang et al., 

2015). While the above findings have shown that AEI is a promising technology to improve 

the quality of seafood products, there are not many published studies on the effects of NEI on 

fresh salmon fillet packed in MAP, especially under commercial conditions. Thus, further 

studies in this area are needed to establish a stronger evidence base and to develop practical 

operating conditions for industry.  

SGS is a potential additional processing step to inhibit microbial growth after MAP. The 

potential, is further supported by prior studies on the effectiveness of carbonic acid dipping of 
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fish fillets in extending the shelf life compared to no treatment or CO2 MAP alone (Lampila, 

1991). However, the time needed for SGS treatment  of fillets (15 min to 2 h) (Mendes, Pestana, 

& Goncalves, 2008; Rotabakk et al., 2008) will delay processing times causing cost increases. 

The issue is whether sufficient time is available during rigor mortis relaxation to equilibrate 

enough CO2 into HOGs to be effective during subsequent MAP storage of the fillets. While 

HOGs are larger than fillets, and have skin/fat layers that may serve as barriers, enough time 

may be available for SGS treatment during reversal of rigor. It is proposed that HOGs be 

subjected to a CO2 gas atmosphere over two to three days prior to filleting and that the 

subsequent affect on microbial loads, shelf life and quality of fillet be determined. The research 

will assess whether application of SGS to HOGs prior to processing can better preserve quality 

from processing through to the consumer and is therefore worth conducting. 

Influencing the type of bacteria that grow under MAP storage may also alter the effective 

sensory shelf-life. Shewanella is one of the bacterial types known as H2S and trimethylamine 

(TMA) producers. These bacteria are especially associated with spoilage and salmon quality 

reduction due to the human sensitivity to the bad aroma from sulphides and TMA (Emborg et 

al., 2002; Gram & Huss, 1996; Møretrø et al., 2016). Shewanella has been proven as one of the 

SSOs for fresh salmon fillets packed in MAP (Milne & Powell, 2014; Powell & Tamplin, 2012; 

Sivertsvik, Jeksrud, et al., 2002). No previous studies have used SGS on HOGs nor measured 

the ability of SGS during pre-processing stage to inhibit the subsequent growth of Shewanella. 

 

1.5.1  Research objectives 

The overall objective for this study was to develop industrial processing technology to 

reliably extend the shelf-life of Australian Atlantic salmon fillets packaged in a modified 

atmosphere. 
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1.5.2  Research hypotheses  

1. That HOCl in NEW/NEI can reduce bacterial load during the pre-proccesing relaxation 

of rigor mortis.  

Mechanistic hypothesis: HOCl in NEW/NEI that is used in the pre-treatment will 

decrease the microbial inoculum of head on gutted (HOGs) salmon.   

2. That the combination of NEW/NEI and soluble gas stabilisation (SGS) during the pre-

treatment affects the type of microbial community that grows on Atlantic salmon fillets 

packed in MAP and therefore the types of VOCs that are produced.  

Mechanistic hypothesis: A sufficient amount of CO2 can be dissolved into fillets using 

the SGS method and will decrease the microbial inoculum of salmon fillets prior to 

packaging.  In combination with MAP packaging this will thus inhibit Shewanella 

growth and alter the microbial load and microbial community that grows on bulk stored 

Atlantic salmon fillets. This in turn will affect the types of VOCs produced and 

perceptions of freshness by consumers due to alterations in the smell of the product. 

 
1.5.3  Research aims 
 

1. To optimise the microbial sanitation effects of NEW/NEI during industrial pre-

processing relaxation of rigor mortis stage.  

2. To determine the effects of combination of NEW/NEI during the pre-processing stage 

and bulk fillet storage of MAP on the microbial and aroma quality of the resulting fish 

fillets. 

3. To determine the potential of a combination of NEW/NEI and soluble gas 

stabilisation during pre-treatment of fillets packaged in bulk storage MAP for 

improving the resulting shelf-life during storage. 
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1.6   Thesis structure 

There are six chapters in this thesis comprising of a general introduction, four 

experimental chapters and a final industrial application potential discussion chapter. The 

chapters are separated into themes/topics, but the organisation of this thesis was arranged in a 

manner where it represents an argument of a typical PhD project. Each experimental chapter 

stands alone for publication purposes but it is linked with others. However, there is some 

unavoidable repetition of some of the methods used in the experimental chapters. All chapter 

references have been listed in the final bibliography section. The APA 6th edition referencing 

style has been adopted for all chapters.  

Chapter 1 gives a general introduction of processing of Atlantic salmon fillets, factors 

that affect quality and shelf-life of the fillets, specific spoilage organisms of salmon fillets and 

the importance of odour for consumer perception of freshness. This chapter also discusses the 

methods of assessment of spoilage such as sensory, VOCs and microbiological analysis along 

with the potential for additional hurdle technologies to extend the shelf-life of the fillets.  

Chapter 2 describes the methods to determine the stability and efficacy of NEW/NEI for 

sanitation of fresh Atlantic salmon. The stability of NEW/NEI was examined during storage, 

in the presence of organic matter and in seawater under simulated industrial condition. The 

efficacy of NEW/NEI against spoilage and pathogenic bacteria such as Listeria monocytogenes 

and Pseudomonas aeruginosa was also measured.  

Chapter 3 describes the development approaches and protocols for later larger-scale 

study on the application of NEW and/or NEI to better preserve the quality of fresh fillets from 

processing to the consumer sale focusing on methods that can be applied in industrial practice. 

The ability of NEW and/or NEI as a sanitiser after and/or during pre-processing storage to 

decrease the level of bacteria in the skin of HOGs was determined in this chapter.  
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Chapter 4 describes how improved sanitation during pre-processing was able to prolong 

the shelf-life of fresh Atlantic salmon when packaged in a modified atmosphere of limited gas 

to product ratio as used for bulk fillet shipments. This was done by characterising the effect of 

interactions between improved pre-processing sanitation using NEW/NEI and MAP methods 

on quality during storage. The efficacy of NEW/NEI was tested on HOGs during pre-

processing to better preserve the quality prior packaging. The effects of improved pre-

processing along with improved packaging methods on the microbial load and community and 

level of VOCs during storage were also determined.  

Chapter 5 describes the effect of applying SGS along with NEW/NEI during pre-

processing and MAP on the quality of resulting fresh salmon fillets during extended chilled 

storage. The methods were challenged using inoculum of Shewanella baltica found on salmon 

in Chapter 4, onto HOGs before pre-processing. This chapter also determined the impact of 

additional inoculum S. baltica on the microbial community and VOCs of fillets during storage.  

Chapter 6 discusses the industrial potential application of the researched methods for 

shelf-life extension. The critical factors for industry, such as the significance of findings and 

the potential of the research in the overall context of the processing in the salmon industry, are 

discussed. In this chapter the recommendations of new process alternatives are given. This 

chapter also describes the limitation of this study and potential future research directions.  
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CHAPTER 2 Stability of neutral electrolysed water/ice for sanitation of 
fresh Atlantic salmon  
 

2.1    Introduction  

The aim of this study was to develop approaches and protocols for the later large-scale 

study by determining practical industrial operating condition for using NEW and NEI as a 

sanitiser. The use of EO water has been recognised by the food industry as a promising sanitiser 

because of its bactericidal effects (Athayde et al., 2018; Rahman et al., 2016; Shiroodi, 

Ovissipour, Ross, & Rasco, 2016). Some prior research has shown that the efficacy of EO 

water declines with increasing amounts of organic substances and with storage time depending 

on conditions (Len et al., 2002; Teng et al., 2018). However, stability and efficacy of NEI 

during storage, and its reaction with the organic load, is not well reported so the actual rate of 

efficacy loss cannot be predicted. Therefore, the stability of NEW and NEI was empirically 

measured under the conditions that would be used for industrial application on fresh Atlantic 

salmon.   

Many laboratory scale observations have shown that acidic oxidising electrolysed water 

ice (AEI) has the ability to inhibit the microbial growth during storage and helps seafood 

products to maintain quality (Feliciano et al., 2010; W.-T. Kim et al., 2006; J. J. Wang et al., 

2014; B. Zhang et al., 2015). While the above findings have indicated that AEI is a promising 

technology to maintain the quality of seafood products, there are not many published studies 

on the effects of NEI on HOGs such as Atlantic salmon, especially under commercial 

conditions.  

HOCl in the ice will be released slowly during melting, allowing it to function as a 

sanitiser for longer compared to a single dose of NEW. NEI could be used to replace ordinary 

ice in seafood production as it can have a longer active life in sanitising microbial 
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contamination during processing. This concept is in line with good cold chain practice in 

seafood production.  

There were five independent studies in this Chapter: 

• Study 1 Assessing the stability of chlorine oxidation properties of NEW and NEI during 

storage and determining melting rate of NEI under industrial application conditions.  

• Study 2 Assessing the stability of NEW in the presence of organic matter. 

• Study 3 Assessing the stability of chlorine oxidation properties of NEW in seawater.  

• Study 4 Assessing the ability of NEI to sanitise Atlantic salmon fillets during storage.  

• Study 5 Measuring the efficacy of NEI against Listeria monocytogenes and 

Pseudomonas aeruginosa inoculated as a microbial challenge in salmon fillets. 

The goal of these studies was therefore to ascertain appropriate conditions for applying 

NEW/NEI into industrial practice to improve the preservation of quality and extend the shelf-

life of fresh chilled Atlantic salmon fillets.  

 

2.2   Material and Methods     

2.2.1   NEW and NEI preparation 

NEW (pH 7.4, oxidation-reduction potential (ORP) 900 ± 12 mV, FCC 500 ± 10 ppm) 

was generated from using an Envirolyte ELA 400 automated electrolytic generator (Envirolyte 

®, Tallinn, Estonia). NEW was then transferred into 20 L closed polyethylene containers and 

stored at room temperature (17 – 20° C) prior to use. Concentrations lower than 500 ppm were 

made by diluting the NEW concentrate water with tap water (pH 7.1, ORP 200 ± 18 mV, FCC 

2 ± 0.5 ppm) to the required final concentration of desired FCC.  

NEI was made by freezing NEW into ice cubes in a freezer. The dimension of the cubes 

were (22 (l) x 10.5 (w) x 22 (d) mm.  Tap water ice cubes were also made as a control and 
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stored under the same conditions. Ice cubes were held frozen at -18° C and crushed with a 

domestic rotary ice blender to create ice snow immediately prior to use.  

 

2.2.2   Chlorine oxidation properties analysis 

ORP was measured with a portable redox meter (IC-MV-500, Milwaukee, Szeged, 

Hungary). pH was measured using a pH meter (FE20, Mettler-Toledo, Columbus, OH, USA), 

and  the FCC of NEW was measured with a modified titration method using thiosulfate 

modified from the procedure of Walding (2015) as given in Appendix A.  

 

2.2.3   Stability of chlorine oxidation properties of NEW and NEI  

The aim of Study 1 of this Chapter was to characterise the stability of chlorine oxidation 

properties of NEW and NEI during simulated bulk industrial storage (Experiments One and 

Two) and to assess the melting rate of NEI under experimental conditions (Experiment Three). 

Polyethylene plastic containers (BRplastics, NSW, Australia) were utilised because this type 

is commonly used in industry for chemical storage.  

In Experiment One, two containers containing 20 L and 25 L of 500 ppm of NEW with 

both containers having surface area (inside of the container) to volume ratio (SA:V ratio) of 

0.3, were tightly capped and stored at 17±4° C for 10 weeks. The pH, ORP and FCC were 

measured from the same containers on days 0, 7, 14, 21, 28, 35, 42, 48, 54 and 60 by collecting 

the NEW from a spigot tap at the bottom of the container. Two series of separate experiments 

were conducted with the two containers for each run (n = 4).  

In Experiment Two, 10 ppm and 100 ppm of NEI were made as described in Section 

2.2.1. The NEI were stored at -18±1° C for 25 days. The ice cubes were then crushed with a 

rotary glass ice blender to create ice snow and chlorine oxidation analysis was conducted after 

the ice was melted completely. The analysis was conducted at days 0, 5, 10, 15, 20 and 25. 
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Two series of separate experiments with n = 3 were conducted (n total = 6). Storage and 

measurements were carried out on the NEW produced on two separate occasions.  

The speed of melting of NEI was empirically measured by using 250 g of NEI stored in 

a plastic container at 17±4° C. The volume of melted water from the ice was measured by glass 

measuring cylinder at intervals of 30 minutes until the ice was completely melted. Two series 

of separate experiments with n = 2 were conducted (n total = 4). The storage trial and 

measurements were carried out on NEW produced on two separate occasions.  

 

2.2.4   HOCl stability in sea water   

Natural seawater (32 – 35 ppm of salinity) was obtained from Beauty Point, Tasmania. 

The seawater was filtered at the Aquaculture Centre, University of Tasmania, Newnham 

Campus and transferred into 20 L polyethylene containers. Forty L of seawater was then poured 

into an insulated ice box (Dometic Cool Ice CI42, 43 L, Dometic Group AB, VIC, Australia).  

A 1.2 L measure of NEW (500 ppm) was added into the ice box of seawater to give a final 

concentration of 15 ppm of FCC. The seawater then was stored at 4° C prior to use during the 

sampling period.  

NEI was made from NEW using the conditions described in Section 2.2.1. Two different 

concentrations of NEI (40 and 70 ppm of FCC) were quick-frozen in a blast freezer (Irinox 

EF.10.1, Tarzo, Italy) for 3.5 hours and stored in a freezer at -18° C until used. The ice was 

then shaved to ice flakes less than 2 mm thick using a motorised rotating ice shaver (HB32OA, 

Hatsuyuki, Mie, Japan) immediately prior to use. 

For the experimental measurements the sealed polyethylene containers of seawater (500 

mL) containing 15 ppm of FCC were stored in a refrigerator at 4° C overnight. Aliquots of 250 

g of NEI (40 and 70 ppm) and 250 mL of NEW (40 and 70 ppm) were added, and agitated 

manually into the ice boxes to mix the contents. The ice boxes were stored with the lid closed 
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at 4° C for 5 days. A control of seawater (500 mL, 15 ppm of FCC) was made without any 

additional NEW or NEI.  All treatments were done in triplicate and two separate experiments 

were conducted at one-week intervals (n = 6).  

Chlorine oxidation analysis was conducted using the same methods as mentioned in 

Section 2.2.2. pH, ORP, and FCC were monitored every day with three independent 

replications for 5 days.  

 

2.2.5   Stability of NEW in the presence of organic matter 

Study 3 of this Chapter was to empirically investigate the rate of change in oxidative 

power of NEW in the presence of organic matter. This was determined by mixing NEW with 

organic containing drip liquid drained from fish (fish drip) in order to understand the likely rate 

of loss of oxidative power due to reaction with organic matter during industrial sanitation 

applications. NEW was tested on two different organic materials: (A) fish drip from rainbow 

trout and (B) fresh HOG rainbow trout. HOG rainbow trout were used because of their smaller 

size.  

Fish drip was prepared by collecting the drip solution from HOG rainbow trout. Three 

fresh whole gutted rainbow trout (average weight = 253 g) were obtained from a local fish 

retailer store in Launceston, Tasmania, Australia. The HOGs were immediately packed in 

plastic-lined boxes containing ice for transport to the laboratory. On arrival, the HOGs were 

then transferred into a plastic container (365 x 305 x 160 mm), with an integral drainage rack, 

coated with excess the ice and stored in 4° C refrigerator. The next day, drip water from the 

HOGs and the ice was collected as fish drip. NEW was prepared with the same conditions as 

Section 2.2.1 to a final concentration of 100 ppm.  

To estimate the stability of NEW in fish drip, a mix of 100 ppm FCC NEW and fish drip 

liquid was made at 1:1 ratio v/v. To test how fast the FCC disappeared in presence of organic 
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matter, a fresh HOG rainbow trout was transferred into a plastic container with 1 L of 100 ppm 

FCC NEW. Chlorine oxidation measurements (ORP, pH and FCC) were conducted at intervals 

of 30 minutes until the FCC was completely gone. The chlorine oxidation analysis was done 

using the same methods and conditions as given in Study 1. (Section 2.2.1.2). All treatments 

were done in duplicate (n = 6).  

 

2.2.6   Efficacy of NEI to sanitise microbial contamination on Atlantic salmon fillets during 

storage 

The aim of this experiment was to developed the methodology to overcome the loss of 

oxidative power during sanitation due to the reaction of NEW with organic matter from the 

fish. NEW was obtained using conditions described in Section 2.2.1. Two different 

concentrations of NEI (40 and 70 ppm of FCC) were made. All ice treatments were frozen in 

a blast freezer (Irinox EF.10.1, Tarzo, Italy) at -18° C for 3.5 hours and stored in a freezer at -

18° C until used. The ice was then shaved to ice flakes less than 2 mm thick using an ice shaver 

(HB32OA, Hatsuyuki, Mie, Japan) immediately prior to use. 

 

2.2.6.1   Experimental design  

Atlantic salmon skin-on fillets (30 – 35 cm long) for experiments were purchased from 

a local store on the same day as harvest and immediately packed in plastic-lined boxes 

containing ice for transport to the laboratory. On arrival fish were stored (20 – 30 minutes) in 

the refrigerator (4° C) prior to use. 

Atlantic salmon skin-on fillets were divided into portions of 30 – 40 g using a knife and 

polyethylene chopping board. Portions were then stored in plastic containers with an 

incorporated drainage rack as given in Section 2.2.5. All the utensils were washed and sanitised 

with alcohol wipes (PDI Sani-cloth wipes, Thermofisher Australia) prior to use.  
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Portions of salmon fillets with skin side up were placed on the drainage rack and covered 

with 350 g of NEI (Experiment 4.1: 0, 10 and 500 ppm for 48 h; Experiment 4.2: 0, 20 and 100 

ppm for 10 days (Table 2.1.)). A temperature logger (HOBO PendantÒ temperature data logger 

64K-UA-001-64, OneTemp. Pty. Ltd, Vic, Australia) was placed in the container which was 

then stored in the refrigerator at 4° C. The ratio of fish to ice was 1:3 w/w. Further NEI (350 

g) was added onto the fillets every day to replace melted NEI. Analyses were conducted at 48 

h and on days 2, 4, 6, 8, and 10 for Experiments 4.1 and 4.2, respectively.  Controls were made 

with the same method using tap water ice (TWI) to replace NEI. All treatments were done in 

duplicate (Experiment 4.1, n=5, Experiment 4.2, n=6). 

 

  Table 2-1: Experimental design of Efficacy of NEI against microbial growth during storage. 

Experiment NEI concentration 
(ppm) 

Storage time Measurements 

4.1 0, 10 and 500 48 hours Microbial counts 
4.2 0, 20 and 100 10 days (analysis at 

days 2, 4, 6, 8 and 10) 
Microbial counts 

 

2.2.6.2   Microbial analysis  

A Total Plate Count (TPC) was carried out at each sampling point on three separate 

samples from different fillet portions. Samples of approximately 20 g were stomached for one 

minute in diluent (0.1% peptone, 0.85% NaCl). Triplicate serial dilutions were spread onto 

TPC Petrifilm (3MTM PetrifilmTM Aerobic count plate) and LAB Petrifilm (3MTM PetrifilmTM, 

LAB count plate). Petrifilms were incubated aerobically at 36±1° C for 48±3 hours prior to 

enumeration (3M Food Safety, 2018; AOAC International, 2002). The detection limit for the 

TPC and LAB petrifilm was 2.1 log.  

Enumeration of hydrogen sulphide producer bacteria (HSPB) was obtained using iron 

agar (IA) (Bacteriological Peptone 20 g – Code LP0037, Oxoid, UK), Lab Lemco powder 3 g 
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(Code L29, Oxoid, UK), yeast extract 3 g (Code LP0021, Oxoid, UK), ferric citrate 0.3 g (Code 

28381, BDH, UK), sodium thiosulphate 0.3 g (Code 517, Ajax Chemicals, Australia),  NaCl 

5g (Code 0314B92, Amcresco, USA), agar 15g (Code LP0011,Oxoid, UK) and L- cysteine 0.6 

g (Code 37055, BDH, UK) (Macé et al., 2012). Petrifilms were incubated aerobically at 36±1° 

C for 48±3 hours prior to enumeration (3M Food Safety, 2014, 2017, 2018; AOAC 

International, 2002; Gram et al., 1987).  The IA plates were incubated aerobically at 25±1° C 

for 48±3 hours prior to enumeration and only black pigmented colonies on IA were counted 

(Gram et al., 1987).  The detection limit for the IA counts was 1 log. 

 

2.2.7   Efficacy of NEI against Listeria monocytogenes and Pseudomonas aeruginosa 

The goal of this experiment was to validate potential of the technology by testing its 

efficacy against pathogen surrogates L. monocytogenes and P. aeruginosa inoculated onto the 

skin on salmon fillets at the laboratory scale. The NEW and NEI were obtained using the 

conditions described in Section 2.2.1. The fillets were obtained by the same methods as in 

Study 4 (2.2.6.1.).  

 

2.2.7.1   Experimental design  

L. monocytogenes and P. aeruginosa were obtained from the Microbiology Laboratory, 

Faculty of Health Sciences and Community Care, University of Tasmania, Newnham campus. 

Cultures were originally human isolates (Storage code 3 and 4, respectively) stored as coated 

beads in a cryogenic freezer at – 80° C. A bead from the culture was streaked on Brain Heart 

Infusion Agar (BHI: Oxoid, CM1136) and incubated at 37° C for 24 h. Each strain was then 

individually inoculated into 50 mL of Tryptone Soya Broth (TSB) (Oxoid, CM0129) incubated 

for 24 h at 37° C, and then adjusted by adding sterile TSB to an OD600 of 0.054 - 0.075, 

corresponding to approximately 104 CFU/mL and the counts was confirmed using trypticase 

soy agar spread plates.  
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A sterile square sampling template (4 x 5 cm (20 cm2)), VWRTM, Leicestershire, UK) 

was used to define the sampling area in each fillet. The area was then inoculated by adding 0.1 

mL of Listeria or Pseudomonas inoculum (4.4 Log CFU/mL) to the defined area of fish skin. 

Fillets were then transferred into polyethylene containers with their skin up in contact with the 

NEI (three portions/container), covered with 350 g of 100 ppm NEI with a closed lid for 24 

hours at 4° C. Two identical experiments, with n = 3 for each experiment were conducted. 

 

2.2.7.2   Microbial analysis  

A single sterile absorbent cotton swab (plastic 15 cm, Westlab Pty.Ltd, VIC Australia) 

was rubbed across the designated square skin template area as given in Section 2.2.7.1 and 

rubbing continued until the whole template surface had been wiped. Triplicate serial dilutions 

were spread plated onto Petrifilm (3MTM PetrifilmTM Aerobic count plate). Petrifilms were 

incubated aerobically at mesophilic condition  (36±1° C) for 48±3 hours prior to enumeration 

(3M Food Safety, 2018; AOAC International, 2002). 

After treatment the viable count of remaining L. monocytogenes and P. aeruginosa were 

enumerated with Listeria (CM0856B, Oxoid) or Pseudomonas selective agar (CM 0559B) with 

their supplements (Listeria SR0140B, Oxoid; Pseudomonas CN SR0102E and CFC DR0103E, 

Oxoid) and incubated at 36±1° C for 48±3 hours.  

The counts per swab were calculated as per Eqn 2-1.  (Public Health England, 2017):  

                                  C         
            Count =                               x n3    
                             V (n1 + 0.1n2)d  

 
where:  
C = the sum of colonies on all plates counted;  
V = the volume applied to each plate;  
n1 = the number of plates counted at the first dilution;  
n2 = the number of plates counted at the second dilution; 
n3 = the original volume of neat suspension (i.e. 10 for swab);  
d = the dilution from which the first count was obtained e.g.10-2 is 0.01;  

 
Equation 2-1: Calculation of microbial count per swab. 
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The results of microbial counts were recorded in an ExcelÒ worksheet and then 

transformed into log values (log10 CFU/g). DMFit curve-fitting software v2.1 (Courtesy of the 

Institute of Food Research, Norwich) was used (Baranyi & Roberts, 1994) to measure growth 

rate (GR) and lag phase duration (LPD). 

 

2.2.8   Statistical analysis  

In Studies 1, 2 and 3 data were analysed using time series ANOVA to determine if the 

chlorine oxidation properties changed significantly with storage time. The result of the 

microbial counts was transformed into log values (log10 CFU/g or log10 CFU/cm2). In Studies 

4 and 5, data were analysed by 2-way ANOVA and Tukey’s multiple comparison test to 

determine how effective the treatments were in reducing microbial load on fillets compared to 

untreated samples. In Study 4, the statistical analysis was conducted to analyse the significance 

of microbial load on salmon fillets after being stored with NEI compared to the control. In 

Study 5 the significance of microbial load in salmon fillets treated with NEI was compared to 

fillets that were treated only with TWI. In all studies, significant difference was established at 

P<0.05 using SPSS, version 25, statistical software program (SPSS Inc., Chicago, Ill., USA).  

 

2.3   Results   

2.3.1   Stability of NEW  

The aim of Study 1 of this Chapter was to assess the stability of NEW during storage to 

project practical approached for industrial application. The ORP remained stable (914 mV) in 

the first 7 days during storage at 17° C in the 25 L container, while in the 20 L container the 

ORP increased from 893 mV to 899 in the first 7 days but the change was not significant 

(p>0.05, Fig 2-1). In both containers the ORP then decreased from day 14 and remained stable 

to day 35. After day 35 the ORP values increased to 930 mV and 904 mV by day 60 in 25 L 

and 20 L, respectively (Fig. 2-1). The significant difference (p<0.05) in ORP only occurred 
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between day 0 and days 14 to 48. There was no significant difference in ORP (p>0.05) between 

day 0 and 60 days. The FCC however decreased from 482 ppm to 230 ppm by Day 28 and 

remained stable until day 60 (Fig. 2-2). There was significant difference (p<0.05) in FCC 

between Day 0 and 60 days with more than 50% loss of the FCC by the final day 60 of storage. 

 
 

Figure 2-1:ORP (mV) of NEW stored at 17° C for 60 days in two different sizes of container 
(20 and 25 L). The results represent mean (n = 4) and the error bars indicate 95% confidence 
intervals.  
 

 
Figure 2-2: FCC (ppm) of NEW stored at 17° C for 60 days in two different sizes of container 
(20 and 25 L). The result represents mean (n = 4) and the error bars indicate 95% confidence 
intervals.  
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The pH gradually decreased from 7.5 to 6.4 by Day 49 and remained at the same level 

until the end of the experiment (Fig. 2-3) in both containers although there was a significant 

difference (p>0.05) in pH between containers. There was also a significant difference (p<0.05) 

in pH across the storage time and container. 

 

 

Figure 2-3: pH of NEW stored at 17° C for 60 days in two different size of container (20 and 
25 L. The result represents mean (n = 4) and the error bars indicate 95% confidence intervals.  

 

The stability of the oxidation potential of NEI was not significantly different (p>0.05) 
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Figure 2-4: ORP (mV) of NEI stored at -18° C for 25 days in two different FCCs (10 and 100 
ppm). The result represents mean (n = 6) and the error bars indicate 95% confidence intervals.  
 
 
 
 

 

Figure 2-5: FCC (ppm) of NEI stored at -18° C for 25 days in two different FCCs (10 and 
100 ppm). The result represents mean (n = 6) and the error bars indicate 95% confidence 
intervals. 
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Figure 2-6: pH of NEI stored at -18° C for 25 days in two different FCCs (10 and 100 ppm). 
The result represents mean (n = 6) and the error bars indicate 95% confidence intervals. 
 

In measuring the rate of ice melting, TWI appeared to melt faster than NEI (Fig. 2-

7). For example, after 360 minutes storage time, the volume of water collected from TWI 

was 242 mL whereas for NEI 150, 100 and 50 the volumes were 229, 235 and 238 mL 

respectively.  The statistical analysis revealed, in general, that there was a significant 

difference (p<0.05) in the stability (melting rate) of NEI compared with TWI.  

 
 

Figure 2-7: Melting rate of NEW at different concentrations. The result represents mean of 
samples (n = 6).  
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2.3.2   HOCl stability in seawater  
 

The goal of this research was to assess the potential changes chlorine demand when 

HOCl in NEW and/or NEI are mixed with seawater mimicking the existing industry practice 

of pre-processing of HOGs with seawater containing 15 ppm hypochlorite. There was a 

significant difference (p>0.05) in ORP across days and treatments (Fig. 2-8).  

 
 

Figure 2-8: Change in the ORP of seawater, NEW and NEI with time. The result represents 
mean and standard deviation of samples (n = 6). The error bars indicate 95% confidence 
intervals. Seawater as a control. 
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the pH of treated seawater during storage compared to the control. It was shown that the pH 

of TWI was higher than that of the treated seawater.  

 

 
 

Figure 2-9: Free chlorine concentration of seawater, NEW and NEI with time. The result 
represents mean and standard deviation of samples (n = 6). The error bars indicate 95% 
confidence intervals.    
 

 
Figure 2-10: pH of seawater, NEW and NEI with time. The result represents mean and 
standard deviation of samples (n = 6). The error bars indicate 95% confidence intervals.  
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2.3.3   Stability of NEW in the presence of organic matter 

The ORP decreased rapidly over the first 30 minutes in fish drip, while in wash water 

around fish it decreased more slowly over approximately 600 minutes but lost sanitising 

efficacy in the first 100 minutes (Fig. 2-11). There was a significant difference (p<0.05) in 

the ORP of NEW across time between NEW mixed with fish drip and on contact with fish. 

There was a significant difference (p<0.05) in FCC of NEW across time in both fish drip and 

wash water around fish (Fig. 2-12). The FCC decreased rapidly from the first 30 minutes in 

both materials.  

There was a significant difference (p<0.05) in pH of NEW with fish between 0 h and 

60 – 270 mins, but there was no significant difference (p>0.05) from 30 mins to 60 – 270 

mins (Fig. 2-13). In NEW mixed with fish drip there was no significant difference (p>0.05) 

between 0 min to 30 – 180 mins but there was a significant difference (p<0.05) between 0 h 

to 240 – 930 mins. 

 

 
 
Figure 2-11: ORP of fish drip and rainbow trout. The result represents mean and standard 
deviation of samples (n = 4).  
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Figure 2-12:FCC of fish drip and in wash water of rainbow trout. The result represents mean 
and standard deviation of samples (n = 4). The error bars indicate 95% confidence intervals.   
 
 
 

 
 

Figure 2-13: pH of NEW in fish drip and wash water of rainbow trout. The result represents 
mean and standard deviation of samples (n = 4). The error bars indicate 95% confidence 
intervals.   
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2.3.4   Efficacy of NEI to sanitise microbial contamination on Atlantic salmon fillets during 

storage  

After 48 hours, the microbial loads on skin of salmon fillets stored in 10 ppm NEI and 

TWI were not significantly different (p>0.05) at 4.9 and 4.9 log CFU/g, respectively, while the 

microbial load in 500 ppm was undetectable (Fig. 2-14). This study also showed that 100 ppm 

NEI can decrease the final microbial population of salmon fillets stored for 10 days by up to 1 

log CFU/g compared to TWI (Fig. 2-15) at which point it was still below the microbial limit 

of 6 log CFU/g for acceptable fish product. There was also a significant difference (p<0.05) in 

microbial count of salmon portions of untreated and NEI treated (20 and 100 ppm) during 10 

days of storage. However, the significance between the control and 100 ppm NEI was higher 

compared to the significance between the control and 20 ppm NEI. The growth rates of aerobic 

bacteria were 0.017, 0.016 and 0.011 CFU/h for TWI, 20 ppm and 100 ppm NEI respectively.  

 

 

Figure 2-14: Total viable count of salmon fillets during 4° C storage for 48 hours with NEW 
(10 and 500 ppm) or TWI. The result represents mean and standard deviation of samples (n = 
5). The error bars indicate 95% confidence intervals.   
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Figure 2-15: Total viable count of salmon fillets during 4° C storage for 10 days with NEW 
(20 and 100 ppm). The result represents mean and standard deviation of samples (n = 6). The 
error bars indicate 95% confidence intervals.  TWI as a control. 
 

2.3.5   Efficacy of NEI against Listeria monocytogenes and Pseudomonas aeruginosa 

This study showed that 100 ppm NEI can decrease the  resulting level of P. aeruginosa 

on salmon fillets skin stored for 24 h days by up to 2.5 log CFU/cm2 compared to TWI (Fig. 

2-16). The final microbial population of L. monocytogenes on salmon fillets skin was 

significantly different (p < 0.05) between the 3 types of ice. A concentration of 100 ppm NEI 

decreased final population of L. monocytogenes by 1 log CFU/cm2 compared to TWI (p<0.05).  

 

 
Figure 2-16: L. monocytogenes and P. aeruginosa counts in salmon fillets during storage for 
24 h with NEW (50 and 100 ppm). The result represents mean and standard deviation of 
samples (n = 6). The error bars indicate 95% confidence intervals. Control was salmon fillets 
stored with TWI. 
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2.4   Discussion  

2.4.1   NEW and NEI stability under conditions of industrial application 

The study showed that the chlorine oxidation potential of NEW was relatively stable 

during simulated industrial storage in sealed polyethylene plastic containers for 60 days (Figs 

2-1 – 2-3). The ORP level of NEW under the closed container was above 850 mV for the 60 

days test period. Aerobic and anaerobic microorganism grow at 200 – 800 +mV and  30 – 550 

- mV, respectively (Jay et al., 2005). An oxidation potential of 650 – 700 +mV is needed to 

inactive and sanitise by oxidising the microbial membrane (Suslow, 2004).  The stability of 

ORP of NEW in this study was similar to that found on AEW (pH 2.5 – 2.6, ORP 1020 – 1120 

mV and FCC 53 – 56 ppm) by Len et al. (2002) over 4 days.  

In contrast, the FCC of 500 ppm NEW decreased by 52 % by day 28 and remained stable 

until the last day of storage. The decrease in FCC during storage observed in this study was 

also reported by (Len et al., 2002). In their study 60% of FCC of AEW was lost during 58 days 

storage with diffuse light and 40% was lost under dark storage conditions. The decrease of 

FCC in closed containers, similar to this study, may be caused by self-decomposition, while in 

open conditions the loss of FCC was caused by gaseous evaporation (White, 1999). NEW has 

been shown to be more stable than AEW during storage (Rahman et al., 2016).  

It was unexpected that the pH value of NEW decreased significantly (p > 0.05) as EO 

water  stored in closed conditions was reported as more stable than that stored in open 

conditions (Len et al., 2002; Rahman, Park, Wang, & Oh, 2012). This finding was in contrast 

with a study by Rahman et al. (2012) which found that the pH increased after 28 days of 

storage, while ORP values decreased. However, Waters and Hung (2014) found that a low pH 

was responsible for the loss of active compounds in EO water due to off-gassing and 

degradation of free chlorine. Work of Adam, Fabian, Suzuki, and Gordon (1992) showed that 
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HOCl has a maximum decomposition rate at pH 6.89. Thus, the pH of NEW should be lower 

pH than 6.89 to have a more stable FCC level during storage.  

On the other had the oxidation properties of NEI were very stable during 25 days of 

storage (Figs 2-5 – 2-7). NEI can be stored for a longer of time period since the result showed 

that NEI was much more stable compare to NEW. The industry could therefore supply NEI 

rather than NEW or TWI to their processing sites. 

Result from the ice stability study showed that the TWI melted faster than NEI  (Fig. 2-

7). This finding agrees with the work of Feliciano et al. (2010) that compared the melting rate 

of PRO-SANÒ (an organic acid formulation) and NEI to TWI. This might happen due to the 

freezing-point depression of NEW being lower than TWI because of the presence of 

electrolytes like NaCl (Bodnar, 1992) resulting in a lower freezing-point. Further empirical 

study would be needed to help the industry calculate the NEI demand for maintaining ice during 

the pre-processing stage of rigor mortis reversal. 

Many studies have shown that the efficacy of EO water was influenced by chlorine 

oxidation properties such as ORP and FCC (Cao et al., 2009; Len et al., 2002; Phuvasate & Su, 

2010; J. Xie et al., 2012). The chlorine oxidation potential is mainly influenced by pH altering 

the ratio of HOCl to -OCl and dissolved chlorine gas. As ORP is a function of the concentration 

logarithm ratio of ions in the solvent, ORP of HOCl also depends as much on chloride ions (Cl-

) as on pH (H+) (Høstgaard-Jensen, Klitgaard, & Pedersen, 1977). The chemical equilibrium 

may be shifted to the HOCl formation as the H+ concentration declines along with decreased 

pH. It was found, therefore, in this study that even though the FCC decreased, the ORP was 

slightly increased at the end of storage time along with decreased pH.  

ORP is the major factor that influences the efficacy of NEW as sanitation activity of 

chlorine is due to an oxidative process and might be the major factor that influences the efficacy 

of NEW. Electron energy flow is changed in the microbial cells, due to disruption of metabolic 
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fluxes and ATP production from high ORP values. Protonated HOCl is neutral in charge 

allowing it to passively diffuse through the cell wall to penetrate the microbial lipid bilayer and 

inhibit glucose oxidation which impacts ATP metabolism causing oxidative damage 

(Fukuzaki, 2006; Hati et al., 2012; Huang et al., 2008; Liao et al., 2007; McPherson, 1993). In 

contrast, -OCl can only react with the cell wall as it ionised (Huang et al., 2008).  Suslow (2004) 

concluded that the time exposure needed for effective sanitation was dependent on the level of 

ORP. For example, an ORP level higher than 665 mV can eliminate spoilage bacteria as well 

as pathogenic bacteria such as E. coli O157:H7 or Salmonella species within 30s while with an 

ORP between 550 – 620 mV more than 300s were needed. This study indicates that NEW 

under closed conditions and stored at room temperature (17° C±4° C) could be used from day 

1 to day 60 as a sanitising agent because the ORP value remained greater than 850 mV. 

However, the optimal function of the NEW only can be obtained from a high ORP value, high 

level of FCC and near neutral pH. It is suggested to use NEW within 28 days of storage, as the 

oxidation properties were sufficiently preserved during this time (Fig. 2-1 – 2-3).   

Industrial practice uses seawater and ice to hold the fish for up to 5 days in their pre-

process stage for reversal of rigor mortis (Fig. 1-2). The chlorine ORP’s of NEW and NEI were 

relatively stable in seawater. Even though statistically the result showed that there was a 

significant difference (p<0.05) in ORP as a function of storage and treatment (Fig. 2-8), the 

ORP values in all treatments were above 800 mV and sufficient to be an effective sanitation 

agent. The results also showed that NEI released chlorine more slowly compared to NEW in 

seawater, as the NEI melted during the time. FCC (Fig. 2-9) decreased significantly (p < 0.05) 

by about 50% during five (5) days of storage without the presence of organic matter. 

Maintaining sufficient chlorine oxidation properties in chlorine based sanitising solution 

in the presence of organic matter is a challenge (Al-Holy & Rasco, 2015; Ayebah, Hung, Kim, 

& Frank, 2006; Hricova, Stephan, & Zweifel, 2008; Rahman et al., 2016).  The ORP value of 
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the organic matter contaminated liquid obtained from the fish decreased from an initial value 

of 813 mV to 233 mV the first 30 minutes, while in sanitising liquid surrounding whole fish 

the value decreased to less than to less than 600 mV in around 200 min. The same pattern also 

occurred in FCC, while pH in the solutions slowly decreased in both materials. FCC levels 

above 25 ppm and ORP levels at least 600 mV are needed for effective oxidative sanitation 

activity (Suslow, 2004). Chen and Hung (2017) concluded that the decrease of the NEW pH 

might happen due to chlorination reaction in which the ammonia and other nitrogen-containing 

compounds in produce wash water are oxidised by HOCl to eventually form nitrogen gas as 

follows:  

 

    2 NH+4 + 3 HOCl – N2 + 3H2O + 5 H+ + 3 Cl-                                                                                

 Equation 2-2: Chlorination reaction. 

 

According to Eqn (2-2), 5 mol of hydrogen ions acidity are generated when 3 mol of 

HOCl (including 3 mol of hydrogen ions) are consumed. In this study (Fig. 2-11), after 30 

minutes the NEW/NEI lost its efficacy, shown by low level of ORP and FCC. In the studies 

that were carried out on fruits and vegetables, to maintain the efficacy of a chlorine based 

sanitiser in fresh produce wash water, a high level of chlorine (35 – 100 ppm) will be needed 

in the presence of a high level of total protein, total phenolics and chemical oxygen demand 

(COD) of fresh produce wash waters (Chen & Hung, 2016, 2017; Teng et al., 2018). However, 

the dose of NEW/NEI needs to be optimised to reduce microbial contamination without 

generating the accumulation of excessive disinfection byproducts (DBPs) (López-Gálvez, 

Tudela, Allende, & Gil, 2019) or adverse sensory properties of the products  (Khazandi et al., 

2017; B. Zhang et al., 2015). Thus, NEI can be an alternative in the pre-process stage as NEI 

is able to maintain the chlorine oxidation properties level as slow release of HOCl. However, 



 59 

the DBPs and sensory index were not the focus of this study and would require further work to 

ascertain the significance of changes.  

In conclusion, the chlorine oxidation properties of NEW/NEI maintained sanitation 

efficacy for the 28 days storage period and in reaction with seawater. The chlorine oxidation 

properties of NEW however were unstable in reaction with organic compounds and would 

require release from melted NEI to maintain effectiveness. For large scale industrial 

application, the study did not examine the NEW/NEI stability in containers of up to 1000 L or 

over longer periods of storage time. However, the findings of this study helped to determine 

the direction and design of the following application research trials.  

 

2.4.2   Efficacy of NEI to sanitise microbial contamination on Atlantic salmon fillets during 

storage  

In this study, a low (4±0.5° C) environmental storage temperature combined with a 

sanitation (100 ppm of FCC of NEI) resulted in a slower growth rate of aerobic bacteria in 

fresh salmon fillets stored with NEI for ten days compared to TWI (Fig. 2-15). However, the 

study did not focus on deriving an accurate bacterial growth model during treatment. A further 

study to more precisely confirm the effect of the NEW/NEI on the growth model including lag 

phase during the treatment is required.  

The initial raw salmon after head-on gutted (HOG) used in this study had relatively high 

initial microbial counts of aerobic bacteria between 4.1 and 4.3 log CFU/g (Fig. 2-15), which 

were similar to the studies by Briones, Reyes, Tabilo-Munizaga, and Pérez-Won (2010); 

(Fidalgo, Lemos, Delgadillo, & Saraiva, 2018; Fogarty et al., 2019). No microbial growth lag 

phase was found either in this study or in the reported literatures (Briones et al., 2010; Fidalgo 

et al., 2018; Fogarty et al., 2019). The efficacy of NEI needs to be further investigated by 
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testing at a lower initial microbial load level to monitor the lag phase and model the growth 

rate over a longer time period of up to 20 days.  

Finding an optimum concentration of a sanitiser to be used in fish processing is a 

challenge. From the quality perspective, the concentration of the sanitising agent should not 

decrease the sensory characteristic of the products. This research showed that at a high 

concentration (500 ppm) of FCC in NEI the microbial level was able to be eliminated from 4 

log CFU/g to undetectable levels (< 2.1 log CFU/g) in six hours (Fig. 2-14). However, 500 

ppm of FCC in NEI gave a mild chlorine smell to the fresh salmon fillets. A concentration of 

100 ppm gave a stronger bactericidal effect compared to 20 ppm but less compared to 500 ppm. 

This result was as expected, given that 100 ppm NEI can sanitise microbial load during storage, 

as enough HOCl in the NEI is released slowly during 10 days storage and kills the bacteria by 

damaging multiple cellular components simultaneously (Gray, Wholey, & Jakob, 2013) during 

10 days’ storage.  

The highly potent oxidant HOCl causes severe oxidative damage when it reacts with 

biological macromolecules such as protein, DNA and lipid (Gray et al., 2013). Thus, 100 ppm 

may be a practical concentration to be used in the salmon fillet processing line as a compromise 

between sensory quality and sanitation efficacy in the presence of the organic matter. A level 

of 100 ppm fits within the recommended levels given by regulatory authorities (FAO, 2008) 

that allows up to 200 ppm chlorine in water for washing of slaughtered fish pre-processing. A 

recent study showed that 60 ppm NEW (pH 6.8, ORP 786 mV) gave less impact to secondary 

protein structure in salmon muscle compared to AEW in a combination with mild-thermal 

processing (Ovissipour et al., 2018). The effects of the concentration to the sensory properties 

such as colour and VOCs also need to be investigated to give a comprehensive result.  

Most of the studies on the efficacy of the EO water in both forms (AEW and NEW) in 

seafood have been focused on pathogenic bacteria such as Escherichia coli, L. 
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monocytogenes, Vibrio parahaemolyticus and Salmonella typhirium as concluded by (Dewi, 

Stanley, Powell, & Burke, 2017).  L. monocytogenes is a food-borne pathogen associated with 

seafood product and processing (McCarthy, 1997; McCarthy & Burkhardt-III, 2012). In this 

study NEI could inhibit L. monocytogenes only by 1 log CFU/cm2 in fresh salmon fillets 

stored for 24 hours compared to TWI (Fig. 2-16). The result was therefore similar to those 

previously reported (McCarthy & Burkhardt-III, 2012; Ozer & Demirci, 2006; Shiroodi et 

al., 2016) which found a less than 1.1 log CFU/g reduction of L. monocytogenes. The above 

result showed that NEW has limited effectiveness on decreasing L. monocytogenes in salmon 

presumably because it is protected by layers of organic matter. A combination of NEW with 

another growth hurdle, such as low temperature of storage and/or modified atmosphere 

packaging, would be needed to significantly decrease the microbial level.  

 Although Pseudomonas spp. was dominant in the community of fresh salmon fillets 

packed in MAP (Milne & Powell, 2014) and was a spoilage indicator in the product and in 

processing plants (Fogarty et al., 2019; Langsrud et al., 2015; Møretrø et al., 2016), prior 

knowledge around the efficacy of EO water against Pseudomonas spp. in salmon is limited. In 

this study a low (4±0.5° C) storage temperature combined with a sanitiser (100 ppm of FCC 

NEI) could decrease the growth of P. aeruginosa up to 2.7 logs CFU/cm2 (Fig. 2-16). This 

result was expected as HOCl from NEI has a longer exposure time due to the melting ice form.  

Thus, 100 ppm of NEI could be used in the pre-processing stage (Fig. 1-2) to control the 

microbial level during processing prior to packaging of fresh salmon fillets.  

Despite many studies focussing on the efficacy of EO water against pathogenic bacteria 

in seafood, the efficacy of EO water to SSO and the effects on the microbial community of 

salmon fillets are not well documented. Along with Photobacterium, Shewanella spp. and 

Pseudomonas spp. were the most prevalent spoilage organisms found in fresh salmon fillets 

and processing environments reported previously, see for example (Khazandi et al., 2017; 

Møretrø et al., 2016). The SSO are most likely carried from the marine environment (Emborg 
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et al., 2002). Thus, studies on the effect of NEW/NEI on the microbial growth and community 

need to be obtained to be able to develop an improved strategy for maintaining freshness quality 

of salmon fillets with a longer shelf-life.  

 

2.5   Conclusions  

In overall conclusion, NEW/NEI can be used as a sanitising agent in salmon processing. 

NEW should be preferably used before 28 days of storage due to activity loss. However, NEI 

can be stored for at least 25 days without activity loss. A level of 100 ppm of FCC in the NEI 

has better antimicrobial efficacy compared to 20 ppm on fish product and can decrease the 

survival of P. aeruginosa on salmon fillets and inhibit the growth of L. monocytogenes on 

salmon fillets.  

These results were used to guide pilot scale further investigation of the efficacy of 

NEW/NEI against microbial load of HOGs during the pre-processing relaxation of rigor mortis 

stage.
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CHAPTER 3 Improved pre-treatment sanitation of head-on gutted 
Atlantic salmon 
 

3.1   Introduction  

The aim of this study was to develop approaches and protocols for the later larger-scale 

study of processing HOGs into bulk packaged fillets by determining the conditions for using 

NEW/NEI before and during the pre-processing rigor mortis reversal stage of Atlantic salmon 

fillet processing. The approach was to decrease the level of microbial load in the skin and body 

cavity of HOG Atlantic salmon that might subsequently contaminate the salmon during 

processing and thus affect the shelf-life of the package fillets. The objective for improved 

processing was to determine if sanitation of whole Atlantic salmon using HOCl from 

NEW/NEI could lower the microbial load during pre-rigour-treatment to less than 4 log CFU/g 

and preferably less than 2 log CFU/g prior to packaging. 

In the current industrial practice, the pre-treatment step is the first stage of salmon 

processing following harvest and gutting (Fig. 1-2). In this step, freshly harvested whole 

salmon HOGs are stored in 4000 L insulated bins with 1000 L of seawater containing 15 ppm 

of a chlorine-based sanitising agent and 400 kg of freshwater ice for between two to five days. 

Improving the pre-treatment sanitation using NEW/NEI might not only reduce the microbial 

load but also could influence the microbial community type and their metabolic products. 

VOCs that originate from the fish itself and/or microorganisms growing on the product can 

affect the perceptions of sensory quality to different extents (Gram & Huss, 1996; Odeyemi et 

al., 2018; Z. Zhang et al., 2010).  

The source of endogenous microorganisms in fish is gills, skin and gastrointestinal tract 

(Gram & Huss, 1996). During processing, slime and skin contact could become the mechanism 

for cross-contamination of bacteria to the sterile inner muscle of the fish when it is filleted. 
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Using NEW and/or NEI in the early stage of salmon fillet processing may reduce the level of 

microbial contamination in the packaged fillet products due to its bactericidal oxidising 

sanitation effect. As a result, a longer shelf-life may therefore be achieved.  

The result from Chapter 2 showed that 100 ppm of FCC in the NEI gave a better 

microbial efficacy compared to 20 ppm, and could decrease the survival of P. aeruginosa and 

inhibit the growth of L. monocytogenes on salmon fillets. However, the efficacy of NEW and 

NEI against the microbial load of HOG Atlantic salmon is not well documented. It was not 

known whether using NEW along with NEI during the two to five days of the pre-processing 

stage or whether washing the HOGs after the pre-processing stage could lower the microbial 

level to give a better result in term of microbial load going into the packaging step.  

To answer the question, two studies were set up. The aim of Study 1 was to determine 

the ability of NEW as a sanitiser to wash the head-on gutted salmon after pre-processing storage 

to decrease the level of bacteria in the skin immediately before filleting. The goal of Study 2 

was to determine the efficacy of improved sanitation of HOG Atlantic salmon during pre-

treatment. The overall objective of the combined research was to develop the operating 

conditions for application of NEW and/or NEI to better preserve the quality of fresh fillets from 

processing to the consumer in ways that can be applied in industrial practise.  

 

3.2   Materials and Methods  

3.2.1   Washing sanitation of head-on gutted Atlantic salmon after pre-processing storage 

Fresh HOG Atlantic salmon, approximately 51 – 53 cm in length and weighing between 

2.7 – 2.8 kg, were obtained from the TASSAL Ltd Margate processing plant after the pre-

processing stage (within 4 days of harvest). The salmon HOGs were transferred to the 

laboratory by shipment on ice in polystyrene foam boxes and kept in a cool room at 4° C to 

match to existing industry practice (Lamb, TASSAL Ltd 2016, personal communication).  
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A total of 12 HOGs that had been stored in flake ice for seven days were randomly 

selected for two treatment groups (n = 3 per group), as follows, A: Washed with 20 ppm of 

NEW and B: Washed with 100 ppm of NEW.  HOGs were washed by dipping them in 20 L of 

either 20 or 100 ppm of NEW at 6 – 7° C for five seconds with manual agitation. Two identical 

separate experiments were carried out two weeks apart.   

HOGs were placed on a sanitised chopping board for five minutes to drain the remaining 

NEW solution from the skin after washing.  Enumeration by TPC of aerobic bacteria, LAB and 

HSPB was carried out on three separate samples from different HOGs. The enumeration of 

bacteria was also carried out on three independent samples before and after HOGs were washed 

with NEW. The microbial analysis and calculation were done as given in Chapter 2 Section 

2.2.6.2. 

 

3.2.2  Improved pre-treatment sanitation of head-on gutted Atlantic salmon during pre-

processing storage  

3.2.2.1   NEI preparation 

The NEW was prepared as given in Chapter 2 Section 2.2.2. NEI was made by freezing 

a desired concentration of NEW into ice cubes. Two litres of NEW was transferred into 

stainless steel containers (2.7 L, 49 x 137 x 152 mm). The containers were then frozen in a 

bench top blast freezer (EF.101. Irinox, Tarzo, Italy) and stored in a freezer at -18° C until 

used. The ice was then shaved to ice flakes less than 2 mm thick immediately prior to use with 

a motorised ice shaver (HB32OA, Hatsuyuki, Mie, Japan).  

 

3.2.2.2   Experimental design and sampling   

Fresh whole HOG Atlantic salmon, approximately 51 – 53 cm in length and weighing 

between 2.7 – 2.8 kg, were stored on ice in polystyrene foam boxes and transferred to the 

laboratory 24 hours after harvesting. They were kept in a cool room at 4° C for six days 

according to industry protocols (Lamb, TASSAL Ltd 2016, personal communication) under 
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treatment condition given in Table 3-1. Seawater (salinity between 32 – 35 ppm) was obtained 

from Beauty Point wharf, Tasmania, stored in a circulating system and filtered at the 

Aquaculture Facility, Newnham Campus, The University of Tasmania. It was then decanted 

into a plastic container (25 l, BRplastic, NSW, Australia) and stored closed prior to use. Liquid 

sodium hypochlorite (XY-12, 10 – 30 %, EcolabÒ, Victoria, Australia) sanitising agent was 

used as one of the controls to replicate current industrial processing.  

Three independent experiments were designed to determine the most effective method 

for lowering microbial load during pre-rigor treatment in ice-water (Table 3.1). For each trial, 

a total of 12 HOGs were randomly assigned to four treatment groups (n = 3 fish per group). 

Chlorine oxidation property analyses of the ice slurry on the insulated boxes were conducted 

on Day 0, Day 3 and Day 6. 

 

Table 3-1: Experimental design for improving the pre-treatment of head-on gutted Atlantic 
salmon. 

Treatment Seawater  
(20 l) 

NEI  
(8 kg) 

NEW  
(15 ppm) 

TWI 
(8 kg) 

XY-12  
(15 ppm) 

A Ö Ö (100 ppm) Ö - - 
B Ö Ö (500 ppm) Ö -  

Control 1 Ö - - Ö - 
Control 2 Ö - - - Ö 

 

3.2.2.3   Microbial analysis 

At Days 3 and 6, a TPC was also carried out to determine the microbial load in the ice 

slurry and in the NEW surrounding the HOGs. Before the samples were taken, the ice slurry 

and NEW were agitated manually to mix the contents. One mL of the ice slurry and NEW of 

each box was taken and transferred onto 9 mL of sterile saline peptone water (0.85 % NaCl, 

0.1 % peptone) and processed using the same method given in Chapter 2, Section 2.2.6.2. 

At each point (Days 0, 3 and 6) a TVC was carried out on three separate samples from 

different HOGs. A 20 cm2 area was outlined using a sterile swab template, and the swab was 
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rubbed across the designated area using a sterile swab stick and continued until the whole 

surface had been wiped. At Day 0 the swab templates were put on the fish skin approximately 

3 cm from the gills and at Day 3 the templates were placed about 12 cm from the gills while at 

Day 6 the position of the templates was 21 cm from the gill (Fig. 3.1.). The swab sticks were 

then transferred into 10 mL of saline peptone water (0.85 % NaCl, 0.1 % peptone). Duplicate 

serial dilutions were spread plate onto AC Petrifilm (3MTM PetrifilmTM, Aerobic count plate), 

LAB petrifilm (3MTM PetrifilmTM, LAB count plate) and IA with the same procedure given in 

Section 3.2.2.    

 

Figure 3-1: Swab template position. 

 
3.2.3   Statistical analysis  

The result of the microbial counts was transformed into log values (log10 CFU/g or log10 

CFU/cm2). In both Studies, data were analysed by 2-way ANOVA and Tukey’s multiple 

comparison test to determine how effective the treatments were in reducing microbial load on 

HOGs compared to untreated samples. In all studies, significant difference was established at 

P<0.05 using SPSS, version 25, statistical software program (SPSS Inc., Chicago, Ill., USA).  

 

Templates 
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3.3   Results  

3.3.1   Washing sanitation of head-on gutted Atlantic salmon after pre-processing storage 

When the HOGs were washed after pre-processing storage there was a significant 

difference (p<0.05) in microbial load remaining between the control and HOGs washed with 

20 or 100 ppm NEW (Fig. 2-17). The microbial counts of HOGs washed with NEW 20 ppm 

and 100 ppm NEW decreased from initial counts of 3.5 log CFU/cm2 to 2 log CFU/cm2 and of 

3.5 log CFU/cm2 to 1.4 log CFU/cm2, as shown in Fig. 3-2. No LAB or HSPB were detected 

in the skin swabs.   

 
 

Figure 3-2: Microbial counts of HOGs before and after washing with 20 and 100 ppm NEW. 
The result represents mean and standard deviation of samples (n = 6). The error bars indicate 
95% confidence intervals. Control was HOG salmon with no washing treatment.  
 
 
3.3.2   Improved pre-treatment sanitation of head-on gutted Atlantic salmon during pre-

processing storage 

3.3.2.1     Ice slurry condition  

The HOGs were stored in ice boxes that had molded polystyrene foam insulation, with 

the lid closed in a 4° C cold room. There was ice water (ice slurry) in the boxes present until 

Day 6. The color of the water changed from clear to brownish because of the blood leaching 

from the HOGs (Fig. 3-3c). The ice-water temperature was between -1 to 1° C.  
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(a)                                         (b)                                         (c)       

 
Figure 3-3: Ice slurry condition during pre-processing treatment on Day 0 (a), Day 3 (b) and 
Day 6 (c). 

 

3.3.2.2    Chlorine oxidation properties  

Both ORP value and FCC decreased significantly during 6 days of pre-processing stage 

(Table 3-2). The ORP values dropped from around +750 mV at Day 0 to less than +300 mV 

within 3 days and remained stable until the end of the pre-treatment stage. The FCC of ice 

slurry made with 500 ppm NEI decreased from the initial value at Day 0 (45 ppm) to an 

apparent reading of 8.7 ppm at Day 6. The pH value for all treatments was not significantly 

different during the storage (Table 3-2). 

 

3.3.2.3    Microbial analysis  

The result showed that a combination of NEI and seawater pre-processing lowered the 

microbial level of HOGs compared to the controls without NEI. Slowly melting HOCl from 

100 ppm NEI lowered the microbial load of HOGs during pre-processing stage by up to 1.5 

log CFU/cm2 down to 2.6 log CFU/cm2, while for 500 ppm NEI treatment the bacteria load 

was below the detection level (1 log CFU/cm2) by Day 3.  

There was a significant difference between all treatments (p< 0.05) (Fig. 3-4). The 

microbial load in the ice slurry during treatment also decreased with melting 100 and 500 ppm 

NEI (Fig. 3-5). The microbial level in the treatment with NEI was lower compared to controls 

by up to 2 log CFU/mL down to 2.3 Log CFU/mL, while at 500 ppm NEI it was below detection 

level (1 log CFU/mL). There was a significant difference between all treatments (p< 0.05). No 

LAB or HSPB bacteria were detected in this study.
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Table 3-2: The mean (± SD) values of the pH, ORP, FCC and temperature of the seawater for 100 and 500 ppm NEI, TWI (Control 1) 15% XY-
12 (Control 2) on the pre-treatment stage. Results represent mean and standard deviation of triplicate analysis (n = 3). Different superscripts 
denote significant difference (p<0.05) in the mean of physicochemical properties.   

Treatment 

Parameter 

Day 0  Day 3   Day 6 

pH ORP (mV) FCC (ppm) Temp (°C)  pH ORP (mV) FCC (ppm) Temp (°C)  pH ORP (mV) FCC (ppm) Temp (°C) 

NEI 500 ppm 7.7 ± 0.1aa 793 ± 4.5aa 45.4 ± 40aa -2 ± 0.3aa  6.9 ±0.3ab 281 ± 13ab 23.1 ± 2.5ab 0 ± 0.2aa  6.8 ± 0.2ab 282 ± 2.6ab 5.8 ± 2.5ac 1 ± 0.2aa 

NEI 100 ppm 7.8 ± 0.2aa 768 ± 4.6bb 26 ± 0bb -2 ± 0.5ab  6.9 ± 0.3ab 263 ± 12.4bc 11.4 ± 2.5bc 0 ± 0.3ab  6.8 ± 0.2ab 252 ± 23.5bc 2.2± 0bd 1 ± 0.3ab 

Control 1 7.9 ± 0.3aa 737 ± 25.4cc 4.3 ± 0cc -2 ± 0.3ac  7.2 ± 0.2ab 227 ±10.11cd 1.4 ± 2.5cd 0 ± 0.3ac  7 ± 0.2ab 229 ± 28cd 0 ± 0ca 1 ± 0.2ac 

Control 2 8 ± 0.4aa 620 ± 41.6dd 8.7 ± 0dd -2 ± 0.5ad  7.3 ± 0.3ab 219 ±10.1da 5.8 ± 2.5da 0 ± 0.2ad  7 ± 0.2ab 226 ± 22da 0.7 ± 1.2db 1± 0.4ad 

Note: The first superscripts label denotes significant difference across treatments and the second superscript label was across the days. 
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Figure 3-4: Total viable count of aerobic bacteria of HOGs skin during pre-treatment. Control 1 
(15 ppm of XY-12 in 20 L seawater and tap water ice), Control 2 (20 L seawater and tap water 
ice), NEI 100 ppm (20 L seawater and 100 ppm NEI) and NEI 500 ppm (20 L seawater and 500 
ppm of NEI). Results represent mean of two replications experiment with n = 3 for each 
experiment and standard error with 95% confidence interval of triplicate samples. Different 
superscript denotes significant difference (p < 0.05) in the mean of total viable count. 
 

 
 
Figure 3-5: Total viable count of aerobic bacteria of ice slurry during pre-treatment. Control 1 
(15 ppm of XY-12 in 20 L seawater and tap water ice), Control 2 (20 L seawater and tap water 
ice), NEI 100 ppm (20 L seawater and 100 ppm NEI) and NEI 500 ppm (20 L seawater and 500 
ppm of NEI). Results represent mean of n = 2 and standard error with 95% confidence interval 
of triplicate samples. 
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3.4   Discussion  

The ability to maintain a low level of microbial count is important in the early stages of 

fillet processing. The step of washing the salmon HOGs prior to filleting is potentially a critical 

point to control the microbial contamination during subsequent processing. From previous 

studies (Chapter 2, Section 2.3.4 – 2.3.5), 100 ppm was a suitable concentration to be applied in 

salmon processing. In this study, just washing the HOGs with NEW after pre-processing 

treatment decreased the microbial level up to 2.1 log CFU/cm2 (Fig. 3-2). This finding had a 

similar result to the study that been reported by Khazandi et al. (2017). They used HOCl-

containing water-based sanitation product (EO water, ECAS4 Adelaide, SA, Australia) at pH 7, 

ORP 840 – 855 mV and 300 ppm of FCC to wash the whole salmon with 15% or 50% v/v with 

water. They found both 15 % and 50 % v/v EO water gave a significant effect in lowering the 

microbial population at day 0 by 1 log CFU/g and considerably extended the shelf-life of fillets.  

Although the electrolysis apparatus that produced EO water sanitiser solution was different from 

that employed in our study, the active agent in both NEW and ECAS4 was HOCl with a high 

ORP level (³ 850 mV). 

While fish flesh is mostly free from bacteria before death, contamination will happen 

during processing of the HOGs into fillets. In industrial practice, processing of the salmon HOGs 

processing only takes less than 5 minutes through filleting, deboning, portioning to packaging 

(Fig. 1-2). However, currently there is no HOG washing stage incorporated into the processing 

line. The study showed that having five seconds of washing the HOGs in sanitiser of at least 100 

ppm FCC can significantly lower the microbial level on the skin and would help to avoid cross-

contamination of fillets during processing. Consequently a low number of counts in the fillets 

may delay the on-set of log phase growth during storage of the packaged fillet and therefore help 

extend the shelf life (Sivertsvik, Jeksrud, et al., 2002; Sivertsvik et al., 2003).  
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The study on the effects of storing the HOGs on ice and in sanitiser during the pre-

processing stage showed that both ORP and FCC of NEW/NEI decreased significantly during 

pre-treatment for 6 days to +282 mV and 5.8 ppm, respectively after six days. This result would 

be expected as the efficacy of NEW/NEI decreases through reaction with organic substances as 

shown by the resulting low levels of ORP and FCC. The depleted FCC reflects over 60 – 80% of 

the FCC being consumed within the first 5 to 90 mins as reported by Teng et al. (2018) and Weng 

et al. (2016). Reactivity between HOCl and organic substances was high, which was consistent 

with previous studies conducted in the use of AEW and NEI in food (Al-Holy & Rasco, 2015; 

Hricova et al., 2008). This implies that, for process development, adding the NEI during the pre-

processing storage could be a solution for maintaining the ORP and FCC at effective sanitation 

levels.  

Table 3-2 shows apparent free chlorine content at Day 3 of 5 – 23 ppm yet the ORP levels 

were very low below +300mV. A similar result was observed by industry when monitoring their 

process for residual chlorine content by colorimetric titration during the pre-processing stage 

which used 15 ppm dose of -OCl. However, there is no oxidising power left as the ORP needs to 

be at least +550 mV to act as an effective sanitiser over longer periods of days.  Normally levels 

of 2 ppm FCC in clean water would be considered as enough to give sanitation and generate ORP 

level of +650 – +750 mV (Suslow, 2004). The FCC colorimetric titration assay is therefore 

possibly showing a false reading. This may be due to the formation of chloramines which can 

interfere with FCC assay (Spon, 2008) but have no sanitising power (Lenntech, 2019). In 

conclusion the industry is relying on the colorimetric assay showing free chlorine but it is a false 

reading and an ORP measurement would be more instructive for assessing residual sanitation 

activity. An improved process, such as NEI addition, is needed to release more HOCl over time 

to have a continuous sanitising activity. 
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The pH levels of water in both treatments (NEW/NEI 500 and 100 ppm) were lower than 

in the controls (TWI and 15% XY-12) but not significantly different (p>0.05). A similar result 

was obtained from Xuan et al. (2017) where the pH of NEI (pH 6.5, ORP 822mV, FCC 25 ppm) 

was lower than that of TWI. The decreased pH value of NEW/NEI might be due to leaching of 

lactic acid from muscle due to glycolysis  (Jemni et al., 2014). However, in this study no LAB 

was found, either in the ice slurry or in the HOGs’ skin, and the low storage temperature close to 

0° C would prevent any significant growth. To optimise the process, the pH level should be in 

the 5.3 – 7.5 pH range which is the best range for maximal formation of HOCl (Fukuzaki, 2006; 

Rahman et al., 2016). 

The study also showed that the use of NEW/NEI within the presence of seawater could 

lower the microbial level of HOGs during the 6 days of the pre-treatment stage by up to 2.3 log 

CFU/cm2 compared to TWI and XY-12 treatments. This result filled the expectation that using 

slowly melting HOCl from NEI would be more effective compared to TWI alone. Electrolysed 

water ice (EWI, pH 5.1, +866 mV ORP, 4.7 FCC) markedly inhibited the growth of both aerobic 

and psychrotropic bacteria in Pacific saury (Cololabis saira) flesh during refrigerated (4° C) 

storage (30 days) compared to TWI (W.-T. Kim et al., 2006). These researchers renewed the ice 

every two days, while in this study no NEI was added or renewed during storage. Both studies 

showed that ice forms of EO water (NEI and EWI) gave a significant inhibitory effect on 

microbial growth on fish product during storage.   

The NEW/NEI with seawater may work better through reaction of the natural bromides 

with HOCl to form hypobromous acid (HOBr). Brominate oxidant was a more effective 

antimicrobial compared to chlorine compounds (Sugam and Helz, 1977 in Bousher, 

Brimblecombe, and Midgley (1986)). Bromine could be formed by reaction between chlorine 

and bromide (Wong & Davidson, 1977). The formation of HOBr increased the pH of chlorinated 
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seawater (Bousher et al., 1986). However, that study only investigated the reaction at pH between 

8 – 11.5.  

In this study, no LAB or HSPB were detected during the storage pre-processing. A decrease 

of microbial growth in this study was similar to what was found by Phuvasate and Su (2010). In 

their study, after soaking with EO water (100 ppm chlorine) for 120 min the level of E. aerogenes 

and M. morganii in Atlantic salmon skin reduced to 1.3 and 2.2 log CFU/cm2, respectively. In a 

separate study, the level of L. monocytogenes reduced 3.1 log CFU/g from the initial level 

(Ovissipour et al., 2018). In the work of (Xuan et al., 2017) no LAB or HSPB or other spoilage 

organism growth was observed. Thus, LAB or HSPB found in later analysis were either initially 

present in very low numbers, present in areas other than the skin flora or came from other sources 

of cross-contamination of the fillets during processing and packaging. 

Although this study showed that the NEW/NEI sanitation pre-processing resulted in a 

lower microbial load compared to TWI and 15 ppm XY-12 washing treatment, as conducted in 

Study 1 of this Chapter, simply washing in 100 ppm NEW after pre-processing was better when 

measuring residual microbial load on the skin. The microbial level of HOGs after washing with 

100 ppm NEW was undetected, while in this study the microbial level after six days of pre-

treatment using NEW/NEI was 2.7 log CFU/cm2. Additionally, no information on chloramines 

level was obtained as the study only focused on developing approaches and protocols for the later 

large-scale study of processing HOGs. A greater understanding of the chloramines formation 

during pre-processing stage using NEW/NEI is needed. The use of NEI over an extended time 

could potentially result in more chloramine formation that enters the flesh compared to the 

terminal step of washing in 100 ppm NEW. From an economic perspective, adding the washing 

step after the pre-treatment stage would also be more cost efficient than using the NEW/NEI in 

the pre-treatment stage. It is reasoned that installing a HOG washing station would be cheaper 

than installing an NEI make and applying the NEI during pre-processing. A further comparison 
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of the two proposed technologies is worth conducting, as this study did not focus on the economic 

perspective or resulting impact on shelf-life or the potential formation of chloramines as by-

product.  

 

3.5   Conclusions  

Sanitation of HOGs during the pre-processing and during washing prior to filleting is 

effective in reducing microbial load of HOGs. 100 ppm of NEW/NEI is an appropriate 

concentration to be applied as pre-processing prior to salmon fillets processing.  

Further investigations therefore used a combination of pre-treatment sanitation using NEW 

and/or NEI as sanitation steps prior to research on the packaging system to extend the shelf-life 

of fresh Atlantic salmon fillets. 
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CHAPTER 4 The effects of combining improved pre-treatment and 
MAP on microbial growth and flavour volatiles of salmon fillets 
 

4.1   Introduction  

The aim of this study was to prolong the shelf-life of fresh Atlantic salmon fillets when 

packaged in a bulk MAP tray (i.e.1.5 – 2.5 kg in 4 L container). This bulk tray of portioned fillets 

is the predominant distribution method to Australian supermarkets.  The approach of this research 

was to determine the effects of combining the improved pre-treatment sanitation with MAP 

methods by characterising the resulting microbial communities and volatile organic compounds 

that arise from storage up to 20 days. The rationale of a modified process design was to lower 

the microbial inoculum of the product in the initial stages of processing and then use an improved 

modified atmosphere to inhibit the rate of further growth after packaging. The results of Chapter 

3 showed that a pre-processing stage using 100 ppm NEW/NEI was able to reduce microbial load 

on HOG salmon by 1.5 log from the initial count over three days (Fig. 3-4). This method was 

therefore used to improve the pre-treatment stage of HOGs to feed the best quality product to the 

MAP process.  

G/P ratio is the one of the keys for MAP to be optimally effective. Sivertsvik, Rosnes, et 

al. (2002) suggested that the G/P ratio should be between 2:1 or 3:1. However, bulk trays have a 

high packing density and therefore can only achieve a low G/P ratio. A high G/P ratio allows 

sufficient CO2 to be used for the MAP packaging to be efficient in microbial suppression. 

However, for the industrial shipment of bulk packages (e.g. 1.5 – 2.5 kg) of fresh salmon fillets 

the G/P ratio is constrained as the low packaging density associated with a high G/P ratio is not 

practical as it considerably raises the costs of transportation. Additionally, a high level of CO2 

gas is known to caused package distortion due to adsorption of CO2. Understanding the best G/P 

ratio for extending the shelf-life in industrial practice was needed.  
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The composition of the microbial community that grows can also affect the sensory shelf-

life and quality of fish products including the aroma. Aroma or odour is a good indicator of the 

freshness of the products because some odours are characteristically produced by specific 

microorganisms  (Joffraud et al., 2001; Jorgensen et al., 2000). Off-odour smells such as  sulphur, 

sour, or overripe fruits, as a result of microbial metabolism, are considered unacceptable aromas 

(Defoe, 2015) and this may lead to the consumers considering a product to be spoilt.  Although 

many bacteria are present in a stored fresh food only a few of them are categorised as SSO. SSO 

can cause formation of amines (e.g TMA), sulphides, alcohols, ketones, and organic  acids that 

contribute to off-odour (Gram et al., 2002). 

Shewanella spp, Photobacterium spp. and Pseudomonas spp. have been identified as SSO 

of fresh salmon when packaged in MAP and as contaminant on the processing lines (Emborg et 

al., 2002; Langsrud et al., 2015; Milne & Powell, 2014; Møretrø et al., 2016).  Shewanella spp. 

produces volatile sulphides and TMA (Gram & Huss, 1996; Joffraud et al., 2001), while 

Pseudomonas spp. is associated with fruity-off odours in many species of fish stored in low-

temperature conditions (Olafsdottir et al., 2005; Parlapani et al., 2015). While the above findings 

have shown that the microbial community could affect the aroma of products there are few 

published studies on the impacts of combinations of treatments during processing on the 

communities that form during industrial practice. Thus, further studies that mimic industrial 

practices and determine the impacts on the microorganism that grow are required. 

This study therefore aimed to address the three key research questions: (1) What is the 

enhanced efficacy of the combination of improved pre-treatment sanitation and optimised MAP 

against growth of spoilage bacteria of fresh chilled fillets during storage? (2) What is the effect 

of the above combination process on microbial community composition of fresh chilled fillets 

during storage? (3) What are the changes to the VOCs that are produced and could they impact 

the sensory quality of the product?  



 79 

To answer the above questions, a study was set up washing the HOGs with NEW after the 

pre-processing stage and varying the levels of CO2 in the MAP gas.  The hypothesis was that 

HOCl in NEW can reduce bacterial load, which in conjunction with MAP, can affect the type of 

VOCs produced and changed perceptions of freshness by consumers due to alterations in the 

smell of the product. 

 

4.2  Materials and Methods  

4.2.1   Experimental design  

Fresh whole HOG Atlantic salmon were supplied by TASSAL Ltd (Hobart, TAS, 

Australia). They came from two separate locations according to production sources at the time. 

These were the Dover Salmon Farm (1st replicate of experiment) and the Macquarie Harbour 

Salmon Farm (2nd replicate). They were approximately 51 – 53 cm in length and weighed 

between 2.7 – 2.8 kg. HOGs were kept in insulated bin in a cool room at 4° C for three days pre-

processing to achieve reversal of rigor mortis prior to use, in accordance with industry practice 

(Lamb, TASSAL Ltd 2016, personal communication). They were transferred on ice from the 

industry to the University of Tasmania laboratory on ice in expanded foam polystyrene insulated 

boxes (797 mm (l) x 292 mm (w) x 255 mm (h), 0.06 cm3 (v)). The HOGs were removed from 

the insulated boxes and washed by dipping them for five seconds in 20 L of 100 ppm NEW. The 

HOGs were briefly drained and manually filleting by starting from the tail and cutting along the 

body toward the head using filleting knife. The fillets were then cut into portions of 100±5 g or 

125±5. 

The HOGs for the control samples were filleted without any additional washing treatment. 

A total of 12 treatments in a combination of washing treatments (unwashed and washed), gas to 

product (G/P) v/w ratio (0.4:1, 1:1 and 2:1) and storage temperatures (0° C and 4° C) were carried 

out (Table 4-1).  
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           Table 4-1: Experimental design and coding  
G/P ratio 
(number) 

Treatment  Temperature 
(°C) Unwashed (A)  Washed (B) 

0.4:1 (1) 0A1 0B1 
0 1:1 (2) 0A2 0B2 

2:1 (3) 0A3 0B3 
0.4:1 (1) 4A1 4B1 

4 1:1 (2) 4A2 4B2 
2:1 (3) 4A3 4B3 

 

Table 4-2: Gas and product ratio and portions in 1 L tray of MAP  

G/P ratio Percentage 
of CO2 

Total 
gas (v) 

CO2  
(v) 

Fillets needed 
in a tray (g) 

Portions in a tray 
of MAP 

0.4:1 70 400 280 600 6 portions @100g 
1:1 70 600 420 400 4 portions @100g 
2:1 70 750 525 250 2 portions @125g 

 
 

                          (a)                                             (b)                                             (c) 
Figure 4-1: Salmon fillets packed in MAP, 600 g (a), 400 g (b) and 250 g (c) 

 

4.2.2   MAP and gas setting  

A single tray MAP machine (Multivac T100, Wolfertschwenden, Germany) was used for 

packaging the fillets. During the MAP packaging the gaseous air in the tray (high impact 

polystyrene (HIPS), L: 22mm; W:168 mm; D: 40 mm) BP97-40 black 1 L, Alto, Albany New 

Zealand) was evacuated to 5 – 7 mBar and flushed (800 – 980 mBar) with food grade mixture of 

CO2 and N2 (70:30%) before heat sealing with a top barrier film (22 µm from Alto, Albany, New 

Zealand).  The gas blends were obtained using a gas mixer (Witt-Gasetechnik, Witten, Germany). 

Sealing was carried out at 140 – 142° C for 10 seconds.  The manufacturer’s specification for 
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oxygen transmission rate of the cover film (22 µm x 280 mm, Alto Packaging Limited South 

Granville, NSW, Australia) was 22 cc/m2/day/atm 23° C 0% RH and the water vapour 

transmission rate was 22g/m2/day/ at 37° C 90% RH (Okura Industrial Co., 2018).  

 

4.2.3  Samples for analysis  

A 1 L MAP tray was used in this study with the product loading adjusted to give targeted 

gas to product ratios. Two independent samples from different tray were used to test for TVC, 

VOC and microbial community analysis on Days 0, 10, 15, 17 and 20. Another control tray was 

made using chilled Atlantic salmon fillets obtained from a local supermarket that had undergone 

the commercial process of production, filleting, bulk MAP packaging and retail distribution. The 

control was made with the same methods as mentioned above with 0.4:1 G/P ratio and stored at 

4° C for 15 days. For this control, organoleptic and colour assessment, microbial analysis, pH, 

VOC and microbial community analysis were conducted at Day 0 and Day 15.  

 

4.2.4   pH analysis  

The pH of homogenised fillets (20 g of fillet in 0.1% peptone; 0.85% NaCl v/v) was 

evaluated at each time point with a pH meter (FE20, Mettler-Toledo, Columbus, OH, USA) at 

room temperature.  

 

4.2.5   Headspace gas analysis  

A Checkmate II Gas Analyser (PBI-Dansensor, Ringsted, Denmark) was used to analyse 

CO2 and oxygen levels in the headspace of each pack in triplicate.  Gas was sampled from the 

headspace by piercing the top of the pack with a syringe through a foam rubber septum (Pryde 

Measurement, Ashburton, Australia) on top of the cover film to avoid introduction of false 

atmosphere into the gas analyser. Average values from 2 samples were used for statistical 

analyses of the data.   
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4.2.6   Organoleptic assessment  

Organoleptic assessment was assessed by a trained panellist and carried out to evaluate 

appearance, off-odours production and colour. The specifications were based on industrial 

practice (Table 1-4). At each assessment time, one tray per treatment was opened. Odour was 

assessed in situ in the tray by smelling the fillets as soon as the tray was opened. Slime was 

observed by swabbing the fillets using a sterile swab stick. Slime was recorded if slime was 

observed bridging between the swab and the fillets. The colour of fillets was measured by 

comparison with the Salmon Fan Roche Colour (DSM N.V, Heerlen, Netherlands) at each time 

point. 

 

4.2.7   Microbial analysis  

On Day 0, TVC was determined before and after fillets were MAP packaged. At each point 

during storage (Days 1, 10, 15, 17 and 20) a microbial plate count was carried out to determine 

the total number of bacteria, HSPB and LAB using the same procedures given in Chapter 2 

Section 2.2.6.2. The results of the microbial counts were recorded in an ExcelÒ worksheet and 

then transformed into log values (log10 CFU/g). DMFit curve-fitting software v2.1 (Courtesy of 

the Institute of Food Research, Norwich) was used (Baranyi & Roberts, 1994) to calculate growth 

rate (GR) and lag phase duration (LPD). 

Thirty-six (36) HSPB isolates were randomly selected from the IA on Day 10 (2 plates), 

Day 17 (6 plates) and Day 20 (12 plates). One to three black colonies were chosen out of less 

than 30 colonies presented on the plates, while five black colonies were taken if the plates had 

more than 30 of black colonies. The isolates were then tested for ability to grow on IA at different 

temperatures. Fresh culture (18 – 24 hr) of the isolates was inoculated into freshly prepared IA. 

Plates were incubated at 4° C, 10° C and 25° C for 24 h. Fifteen isolates that grew at all three 

different temperatures were randomly selected from IA plates. Fifteen stock cultures were 

prepared from each single colony that been selected by transfer into 20 mL of Nutrient Broth 

(Oxoid, CM0001) and incubated at 25° C for 48 hours. One mL of the cultures was then 
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transferred into 2 mL microtubes with 8 – 10 beads. Stocks cultures were preserved at - 20° C 

while the working cultures were continuously used in the study.  

 

4.2.8   Volatile organic compounds analysis  

a. SPME (Solid-phase microextraction) fibre selection  

The SPME fibre was 50/30 µm DVB-Divinylbenzene/CAR-Carboxen/PDMS- 

Polydimethylsiloxane StableFlex fibre. This fibre was selected for its ability to absorb a wide 

range of volatile compounds to be able to identify a broad spectrum of the volatile compounds 

in the fillets. The fibre was pre-conditioned by insertion into the injection port of a GC-MS 

machine (Bruker 300 – MS TQ Mass Spectrometer) at 270° C for five minutes. A tap freshwater 

sample (Blank) was initially pre-incubated at 80° C for 30 minutes. The SPME fibre was then 

exposed to the headspace of 10 mL of water in a 40 mL screwed cap vial for 20 minutes. This 

was carried out to ensure no impurities were present which could interfere with the analysis of 

compounds in the samples. 

 

b. Headspace analysis and sample preparation  

A sample of salmon fillets (3 g) from each pack, at each sampling point, was used for 

volatile organic compound analysis as follows:  Three grams of each sample was transferred into 

a 40 mL septum vials by cutting the fillet into about 2 (l) x 1 (w) x 1(h) cm. The sample were 

stored at -18° C for up to 35 days. Prior to analysis they were heated at 80° C for 30 min in a 

forced air oven (Hewlett Packard 5590 series 11) to attain equilibrium of the volatile metabolites 

in the cooked sample. Thereafter, the pre-conditioned fibre, described above, was inserted into 

the septum at 17 – 20° C for 20 minutes to capture headspace volatiles. The exposed fibre was 

then inserted into the gas chromatography (GC) injector for thermal desorption of volatile 

metabolites for 4 minutes. 
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c. GC-MS analysis  

GC - Mass Spectrometer (MS) analysis was performed using a Bruker 300-MS TQ Mass 

Spectrometer with a split/split less injector mode (ratio 2:1) and a triple quadrupole mass 

detector. Compound separation was carried out using an Agilent DB-5MS capillary column 30 

m length x 0.25 mm ID x 0.25 mm film thickness (Agilent Scientific, USA) based on the 

following conditions: carrier gas - helium with a flow rate of 1 mL/min, injector temperature 

270° C, oven initial temperature 40° C, held for 4 minutes; the temperature was ramped up to 80 

°C at 6° C/min, to 250° C at 8° C/min and to 290° C at 25° C/min. The following parameters 

were further used for the mass detector: ion mass / charge ratio (m/z) 35 – 350, full scan mode. 

The source temperature of the electron ionisation (EI) used was 220°C, line voltage of 245V and 

ion gauge emission current was 1.00 mA.  

 

d. Library building and identification of metabolites 

MS data review was used to plot and process the chromatograms and spectra obtained. 

VOCs were identified by comparison of mass spectra with the spectra in the NIST data base 

(National Institute of Standard and Technology; USA) using > 90% relative matches as the 

standard for verification or identity. In the Compound Table, the first compound attribute 

comprising of name and retention time was noted. The quantifying ion was set at reconstructed 

ion current (RIC) while each chromatogram was integrated by filtering the peak at five smooth 

points with the integration window set at 0.150, peak width (sec ½HZ) and peak size rejection 

(counts) set at 5000. The Kovats retention index (KI) was used to convert retention times into a 

system-independent constant. Dimethylamine 0.1% was used as a test compound to ensure the 

SPME system was performing correctly and to verify that the negative result for trimethylamine 

was genuine. The used of dimethylamine as surrogate or proxy for trimethylamine was due to its 

closely related structure and chemistry.  
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4.2.9   Microbial community analysis  

For each treatment and time point, equal amounts (1 g) of fillets were transferred into 2 mL 

graduated microcentrifuge plastic tubes with caps. Total DNA was extracted using a DNeasy 

PowerLyser PowerSoil kit (Qiagen, Hilden, Germany). Samples were vortexed vigorously for 

five minutes in the microbead solution from the kit and thereafter the manufacturer’s standard 

protocol was followed.  Amplification of 500 bp of the 16S rRNA gene sequences was performed 

using universal primers: forward primer 27F (5′ - AGAGTTTGATCMTGGCTCAG - 3′) and 

reverse primer: 519R (5′ - GWATTACCGCGGCKGCTG - 3′) which targets the V3 region of 

16S rRNA gene sequences. All sequences were carried out on a MiSeq (Illumina) by the 

Australian Genome Research Facility (AGRF, Melbourne Australia) following their standard 

protocols.  

The bioinformatic analysis was done by AGRF using the following method: Paired-ends 

reads were assembled by aligning the forward and reverse reads using PEAR (Paired-end and 

read merger) (Version 0.9.5, The Exelixis Lab, Heidelberg, Germany,  open source 

http://www.exelixis-lab.org/web/software/pear). Primers were identified and trimmed. Trimmed 

sequences were processed using Quantitative Insights into Microbial Ecology ((QIIME 1.8) 

USEARCH (Version 8.0.1623, Scikit-Bio, open source http://qiime.org/1.9.0/index.html) and 

UPARSE software (Robert Edgar, open source https://www.drive5.com/uparse/)). USEARCH 

tools sequences were quality filtered, full length duplicate sequences were removed and sorted 

for abundance. Singletons or unique reads in the data set were discarded. Sequences were 

clustered followed by chimera filtering using the “rdp_gold” database as the reference. 16S 

rRNA OTUs were defined at ³ 97% sequence homology when mapped back to OTUs. All reads 

were classified to the lowest possible taxonomic rank using QIIME taxonomy and a reference 

data set from Greengenes Database5 (Version 13_8, Aug 2013).  
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4.2.10   Identification of HSPB isolates by 16S rRNA gene sequencing 

Fifteen different samples of single isolates bacterial colonies were used in molecular 

characterisation. The isolates were randomly selected from IA and chosen by the ability to grow 

at all these temperatures: 4° C, 10° C and 25° C. 

The culture was streaked onto a TSA plate and incubated at 25° C for 24 hours. A small 

loopful of a single colony was then suspended into a 1.5 mL of Eppendorf tube with 100 µl 

PrepMan buffer (4318930, PrepManTM) and vortexed for ~30 seconds. Thereafter, tubes were 

heated at 100° C in a heated block for 10 minutes for cell lysis. Amplification of 1400 bp regions 

of the bacterial 16S ribosomal RNA was carried out using universal primers: forward primer 

B27F (5′ - AGAGTTTGATCMTGGCTCAG - 3′) and reverse primer: 1429R (5′ - 

GGYTACCTTGTTACGACTT - 3′) and then sequenced using Applied Bio Systems 3730 DNA 

analyser by the Australian Genome Research Facility (AGRF, Melbourne Australia). The 

chromatogram generated was edited with Bio Edit (Hall, 2017) while the nucleotide sequence 

was analysed using a Basic Local Alignment Search Tool (BLAST) from the National Centre for 

Biotechnology Information (NCBI; https://blast.ncbi.mlm.nih.gov/Blast.cgi). The phylogenetic 

tree was constructed using MEGA 7 software (DePaola, Jones, Noe, Byars, & Bowers, 2009). 

 

4.2.11  Statistical analysis  

The data were analysed by Multivariate ANOVA (MANOVA) with Tukey’s Multiple 

Comparison Test to determine how effective the treatments were. In all studies, significant 

difference was established at P<0.05 using SPSS, Version 25, statistical software program (SPSS 

Inc., Chicago, Ill., USA). Multivariate explanatory analysis comprising Principal Component 

Analysis (PCA) was used to identify potential freshness and spoilage volatiles. The PCA was 

used to select which volatile metabolites had the highest correlation with the treatments. All the 

volatile metabolites which were common or shared presented in the diagonal correlation matrix. 

XLSTAT Version 2019 (Addinsoft, 2019) was used for the PCA analysis. Prims8 (GraphPad 

Prism software Version 8.0.2, CA 92037 USA) was used to build heat maps of VOCs of salmon 

fillets and microbial community succession. 
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4.3   Results   

4.3.1   pH, organoleptic assessment and packaging conditions  

No slime or off-odours were detected in any samples. The colour of fillets on Day 20 was 

paler compared to Day 0 and Day 10 (Table 4-3) based on Roche Salmon Fan colour comparison. 

It was also observed that the packages became deflated under slight vacuum with tray distortion 

occurring from Day 17 to Day 20 due to CO2 absorption (Fig 4-2).  

 

(a)                                   (b)                                  (c) 

Figure 4-2: Fresh salmon fillets packed in MAP with 2:1 G/P ratio for (a) Day 0, (b) Day 17 
and (c) Day 20.  

The analysis of the pH and colour of the salmon fillets during storage showed that stored 

fillets packed in MAP with CO2 70% and N2 30% in both controlled temperatures (4 and 0 °C) 

gave a consistent pH value between 6.1 to 6.5 (Table. 4-3).  

 

4.3.2  Microbial analysis 

The different combinations of sanitising treatments, temperatures and G/P ratios resulted 

in significant differences (p< 0.05) in the final population of the bacteria on the fillets (Figs 4-3 

– 4-4). There was no significance difference between G/P ratio and storage temperature at Day 

0. The significant difference only occurred between unwashed and sanitation washed samples 

(Figs 4-3 – 4-4). The TVC, CO2, pH and colour of control salmon fillets from a local supermarket 

packaged in MAP with 0.4:1 G/P ratio and stored at 4° C is given in Table 4-4. From the Table, 

the counts of HSPB and LAB of the salmon fillets sample obtained from the local supermarket 

were higher compared to salmon fillets packaged fresh in MAP with HOGs obtained direct from 

TASSAL Ltd.  
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Table 4-3:The mean value (± SD) of the pH and colour of salmon fillets packed in MAP with three level of G/P ratio and stored at 4° C and 0° 
C. Results represent mean and standard deviation of triplicate analysis (n=6). 

Treatment  
Storage 

temperature 
° C  

Parameter  

Day 0 Day 10 Day 15 Day 17 Day 20 

pH Colour  
(Roche scale) pH Colour  

(Roche scale) pH Colour  
(Roche scale) pH Colour  

(Roche scale) pH Colour 
(Roche scale) 

Unwashed 0.4:1 G/P 
ratio 0 6.2 ± 0.2 30.7 ± 0.58 6.3 ± 0.1 30.3 ± 0.58 6.2 ± 0.2 29.0 ± 0 6.3 ± 0.1 29.0 ± 0 6.3 ± 0.2 28.3 ± 0.58 

Unwashed 1:1 G/P ratio  0 6.2 ± 0.2 31.0 ± 0.0 6.2 ± 0.2 30.3 ± 0.58 6.2 ± 0.2 29.0 ± 0 6.3 ± 0.1 28.7 ± 0.58 6.1 ± 0.1 28.7 ± 0.58 

Unwashed 2:1 G/P ratio  0 6.3 ± 0.1 30.7 ± 0.58 6.3 ± 0.1 30.3 ± 0.58 6.2 ± 0.2 29.3 ± 0.58 6.2 ± 0.2 28.7 ± 0.58 6.4 ± 0.2 28.0 ± 0.0 

Washed 0:4:1 G/P ratio 0 6.4 ± 0.2 30.7 ± 0.58 6.4 ± 0.1 30.3 ± 0.58 6.3 ± 0.1 29.0 ± 0 6.3 ± 0.2 29.0 ± 0 6.2 ± 0.2 28.3 ± 0.58 

Washed 1:1 G/P ratio 0 6.2 ± 0.2 30.3 ± 0.58 6.2 ± 0.2 30.3 ± 0.58 6.2 ± 0.2 29.0 ± 0 6.4 ± 0.1 29.0 ± 0 6.2 ± 0.2 28.3 ± 0.58 

Washed 2:1 G/P ratio 0 6.3 ± 0.2 31.0 ± 0.0 6.3 ± 0.1 30.3 ± 0.58 6.3 ± 0.1 29.0 ± 0 6.3 ± 0.2 29.0 ± 0 6.2 ± 0.2 28.3 ± 0.58 
Unwashed 0.4:1 G/P 
ratio 4 6.2 ± 0.2 30.3 ± 0.58 6.4 ± 0.2 30.0 ± 0.0 6.4 ± 0.2 29.0 ± 0 6.2 ± 0.2 28.7 ± 0.58 6.2 ± 0.2 28.3 ± 0.58 

Unwashed 1:1 G/P ratio  4 6.2 ± 0.2 30.7 ± 0.58 6.4 ± 0.2 30.3 ± 0.58 6.5 ± 0.2 29.0 ± 0 6.4 ± 0.2 29.0 ± 0 6.2 ± 0.2 28.3 ± 0.58 

Unwashed 2:1 G/P ratio  4 6.2 ± 0.2 30.7 ± 0.58 6.2 ± 0.2 30.7 ± 0.58 6.3 ± 0.2 29.0 ± 0 6.1 ± 0.2 29.0 ± 0 6.2 ± 0.2 28.7 ± 0.58 

Washed 0:4:1 G/P ratio 4 6.5 ± 0.2 30.7 ± 0.58 6.2 ± 0.2 30.3 ± 0.58 6.3 ± 0.2 29.0 ± 0 6.3 ± 0.2 28.7 ± 0.58 6.2 ± 0.2 28.7 ± 0.58 

Washed 1:1 G/P ratio 4 6.4 ± 0.2 30.7 ± 0.58 6.3 ± 0.2 30.3 ± 0.58 6.3 ± 0.2 29.0 ± 0 6.4 ± 0.2 29.0 ± 0 6.2 ± 0.2 28.7 ± 0.58 

Washed 2:1 G/P ratio 4 6.3 ± 0.2 30.7 ± 0.58 6.4 ± 0.2 30.3 ± 0.58 6.3 ± 0.2 29.0 ± 0 6.4 ± 0.2 29.0 ± 0 6.2 ± 0.2 28.7 ± 0.58 

 
 
Table 4-4: The mean value (± SD) of the TVC, CO2, pH and colour of commercial comparison salmon fillets from a local supermarket packaged 
in MAP with  0.4:1 G/P ratio stored at 4° C. Results represent mean and standard deviation of triplicate analysis (n=6). 

Time 
observed 

(Day) 

Total counts (log CFU/g) 
CO2 (%) pH  Colour   

(Roche scale) HSPB LAB Aerobic bacteria  

Day 0 1.6  ± 0.08 4. 0 ± 0.05 6.4 ± 0.45 - 6.2 ± 0.09 29.3 ± 0.5 

Day 15 4.9 ± 0.09 5.7 ± 0.04 8.8 ± 0.37 17.7 ±  0.67 6.3 ± 0.05 26.3 ± 0.5 
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Figure 4-3: Total viable count (TVC) of aerobic bacteria of salmon fillets unwashed and 
washed with three level of G/P ratio stored at 4° C for 20 days. The results represent mean (n 
= 4) and the error bars indicate 95% confidence intervals. 

 
Statistical analysis showed that on Day 10, there was a significant difference (p<0.05) of 

TVC among temperatures and treatments (unwashed and washed) (Figs 4-3 – 4-4). The TVC 

in the 0.4:1 G/P ratio was significantly different (p<0.05) compared to the G/P ratio of 1:1 and 

2:1 (Fig 4-3). The TVC was not significantly different (p<0.05) between G/P ratio 1:1 and 2:1. 

The TVC of the sanitation washed sample stored at 0° C was 1 log CFU less than unwashed 

samples on Day 10 (Fig. 4-4). The TVCs of the sanitation washed samples were 1.5 and 1.7 

log CFU/g less than unwashed sample at Day 15 and 17, respectively (Fig. 4-4). The TVC of 

the unwashed sample with a low G/P ratio (0.4:1) stored in 0° C was lower than 6 log CFU/g 

(Fig. 4-4) on Day 20. On Day 20 TVC of unwashed sample with a low G/P ratio (0.4:1) stored 

in 4° C was higher than 6 log CFU/g (Fig. 4-3), or exceeded the maximum TVC for shelf-life 

determination. 
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Figure 4-4: Total viable count (TVC) of aerobic bacteria of salmon fillets unwashed and 
washed with three level of G/P ratio stored at 0° C for 20 days. The results represent mean (n 
= 4) and the error bars indicate 95% confidence intervals.  
 

Table 4-5: Growth rate (GR) and lag phase duration (LPD) for TVC of aerobic bacteria of 
salmon fillets packed in MAP. 

Treatment  Storage 
temperature  G/P ratio 

Total viable count (TVC) 
GR  LPD 

(log10 CFU/h)   h 
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Washed 0 1:1 0.0080  205k 

Washed 0 2:1 0.0072  225l 
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Treatment (washed and unwashed) and storage temperature gave a significant difference 

(p < 0.05) to the GR and LPD. The aerobic bacteria GR was decreased at 0° C and high 1:1 

and 2:1 G/P ratio samples. LDP of fillets at the same treatment stored at 0° C was higher than 

the one stored in 4° C (Table 4-6). The LPDs of the TVC of salmon fillet that originated from 

washed HOGs were longer than of the fillet that originated from unwashed HOGs. The LPDs 

of the TVC of salmon fillets packed in higher G/P ratio were also higher compared to fillets 

with low G/P ratio. However, it is acknowledged that with limited data points in this study a  

high degree of possible error can occur.   The samples (n) were obtained from two experiments 

and used to generate one model in DMFit, hence there was no standard deviation.  

The presence of LAB started at Day 17 and increased at Day 20, but LAB was not always 

found in all treatments particularly being absent in sanitation washed sample stored at 0° C 

(Table 4-6). The presence of HSPB was also detected only after Day 17. No HSPB were found 

in fillets that were washed and packed in high G/P ratio (2:1) and stored at 0° C.
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Table 4-6: Total numbers of HSPB and LAB determined by the plate count method. 

Treatment  
Storage 
temperature  

HSPB  LAB 

Day 0 Day 10 Day 15 Day 17 Day 20 Day 0 Day 10 Day 15 Day 17 Day 20 

log CFU/g log CFU/g 

Unwashed 0.4:1 G/P 
ratio 

0 ND ND ND 3.1 ± 0.01 2.3 ± 0.02 ND ND ND 1.8 ± 0.14 3 ± 0.60 

Unwashed 1:1 G/P ratio 0 ND ND ND ND 3.0 ± 0.04 ND ND ND ND 3.6 ± 0.01 

Unwashed 2:1 G/P ratio 0 ND ND ND ND 1.6 ± 0 02 ND ND ND ND ND 

Washed 0:4:1 G/P ratio 0 ND ND ND ND 2.5 ± 0.02 ND ND ND ND ND 

Washed 1:1 G/P ratio 0 ND ND ND ND 1.6 ± 0.01 ND ND ND ND ND 

Washed 2:1 G/P ratio 0 ND ND ND ND ND ND ND ND ND ND 
Unwashed 0.4:1 G/P 

ratio 
4 ND ND ND 2.2 ± 0.16 ND ND ND ND ND 3.5 ± 0.04 

Unwashed 1:1 G/P ratio 4 ND ND ND ND 2.4 ± 0.25 ND ND ND ND 3.4 ± 0.72 

Unwashed 2:1 G/P ratio 4 ND ND ND ND 1.9 ± 0.03 ND ND ND ND 3.4 ± 0.67 

Washed 0:4:1 G/P ratio 4 ND ND ND 1.5 ± 0.07 2.4 ± 0.03 ND ND ND 1.9 ± 0.07 2.8 ± 0.77 

Washed 1:1 G/P ratio 4 ND ND ND ND 1.7 ± 0.02 ND ND ND ND 1.5 ± 0.07 

Washed 2:1 G/P ratio 4 ND ND ND ND 2.2 ± 0.11 ND ND ND ND 2 ± 0.67 

Note: 
ND = Not detected  
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4.3.3   Headspace analysis  

The level of G/P ratio gave marked differences in gaseous CO2 concentration in the 

packages over time (Figs 4-5 – 4-6). The concentration of CO2 declined from 66% to 45, 32 

and 20% for 2:1, 1:1, and 0.4:1 G/P ratio, respectively, over the 10 days. There was no 

significant difference (p < 0.05) between samples of unwashed and washed on the level of CO2 

in the packaging. The level of CO2 in packages stored at 0 °C however was lower compared to 

that of packages stored at 4° C on the same storage day.  

 

 

Figure 4-5: CO2 concentration (%) of headspace packages of salmon fillets unwashed and 
washed with three level of G/P ratio stored at 4° C for 20 days. The results represent mean (n 
= 2) and the error bars indicate 95% confidence intervals. 

0

10

20

30

40

50

60

70

80

0 5 10 15 20

Ca
rb

on
 d

io
xi

de
 le

ve
l (

%
)

Time (day)

Unwashed 0.4:1

Unwashed 1:1

Unwashed 2:1

Washed 0.4:1

Washed 1:1

Washed 2:1



 94 

 

Figure 4-6: CO2 concentration (%) of headspace packages of salmon fillets unwashed and 
washed with three level of G/P ratio stored at 0°C for 20 days. The results represent mean (n = 
2) and the error bars indicate 95% confidence intervals. 
 

4.3.4   Volatile organic compounds analysis  

SPME-GC/MS chromatogram obtained from salmon fillets are shown in Fig. 4-7. A total 

of 25 volatile metabolites comprising aldehydes (7), alkenes (8), alcohols (4), sulphur 

compounds (1), acid (1), ketone (1) and aromatic hydrocarbons (3) were detected and identified 

in the headspace of salmon fillets packed in MAP and stored for 20 days at 0 ° C and 4° C 

(Table 4.7).  The KI value for each identified metabolite was close to the KI value from the 

National Institute of Standard and Technology (NIST, USA) library (Table 4-8). 

The heat maps of VOCs of salmon fillet stored for 17 days showed that VOC profiles 
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Figure 4-7: SPME – GC/MS chromatogram obtained from salmon fillets washed, packed in 
1:1 G/P ratio and stored at 0° C on Day 10 (red), Day 17 (green) and Day 20 (yellow).  

 
Principal component analysis (PCA) (Figs 4-9 – 4.11) was used to identify potential 

freshness and spoilage volatiles. PCA was also used to select which volatile metabolites had 

the highest correlation with the treatments. All the volatile metabolites which were common or 

shared were presented in the diagonal correlation matrix. Carbon disulphide and hexanal were 

associated with unwashed samples, while dimethyl heptane, methoxyphenyl-oxime and 

benzoic acid were associated with washed samples (Fig. 4-9). 

The reported indicators of freshness such as hexanal, dodecane, penten-3-ol and tridecane 

were found in all samples over the time. The spoilage indicators like heptadecane, dimethyl 

heptane, and trichloromethane were also found in all samples. From the PCA, carbon 

disulphide was found as the major compound in fillets from HOGs that were not washed with 

water or NEW prior to packaging. Methoxyphenyl-oxime, dimethyl heptane and benzoic acid 
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were found mostly in fillets from HOGs that were washed with NEW (Fig. 4-9). Six 

metabolites were found clustered as primary variables (F1). The metabolites were pentadecane, 

penten-3-ol, carbon disulphide, hexanal, trichloromethane and 3-methyl butanol (Figs 4-9 – 

4.11). The concentration of trichloromethane was increased with storage time by 12% at Day 

20 (Fig. 4-8). The chromatogram showing the changes of VOCs during storage is shown in 

Fig. 4-12. 

 

Table 4-7: Type of group of VOC obtained from salmon fillets packed in MAP and stored at 
0° C and 4 °C for 20 days and odour descriptions.  

Volatile 
compound 
group  

Volatile metabolites  Odour descriptions Volatile 
indicator  
of 

References 

Aldehydes (7) Hexanal 
2-decenal 
Dodecanal 
Tridecanal 
Pentadecanal 
Acetaldehyde 
3-Methyl-Butanal 
 

Garlic, grassy, green  
-  
-  
-  
-  
-  

 

Freshness  
 
 
 
 
 
Freshness 

(Girard & Durance, 2000; 
Odeyemi et al., 2018; 
Wierda et al., 2006) 
 
 

Alkenes (8) Tridecane 
Tetradecane  
Pentadecane 
Heptadecane 
Dodecane 
Dimethyl heptane 
4-Methyloctane 
2,3-dimethylnonane 

-  
-  
-  

Leather 
Irritant  

- 
- 
- 

 
 
 
Spoilage  
Freshness 

 
 
 
(Odeyemi, 2019; Varlet, 
Knockaert, Prost, & Serot, 
2006) 
 

Alcohols (3) 2-Ethyl-hexanol 
Penten-3-ol 
 
1,3-Butenediol 
Trichloromethane 

-  
Vegetal, spicy, 
chemical 
       - 

-  

 
Freshness  

 
(Varlet et al., 2006; Wierda 
et al., 2006)  

Sulphur 
compounds 
(1) 

Carbon disulphide  
 

-  
-  

  

Acid (1) Benzoic acid -    
Ketone (1) Methoxyphenyl-

Oxime 
-    

Aromatic 
hydrocarbons 
(3) 

Dimethylbenzene 
Homosalate 
C16 FAME 

-  
-   
-  
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Table 4-8: Volatile metabolites detected and identified from salmon fillets packed in MAP 
and stored at both 0 ° C and 4° C for 20 days.   

No. Volatile 
metabolites  

Retention 
time of 

unknown 

Retention 
time of 
smaller 
alkane 

Retention 
time of larger 

alkane 

Kovats 
index (KI) 

ssnp KI 
Library 

1 Acetaldehyde 1.508 2.15 3.29 544 404 

2 Carbon disulphide 1.846 2.15 3.29 573 549 

3 1,3-butanediol 2.12 2.15 3.29 597 787 

4 Trichloromethane 2.275 2.15 3.29 611 615 

5  Butanol, 3-methyl- 2.636 2.15 3.29 643 652 

6 1-Penten-3-ol 2.995 2.15 3.29 674 668 

7 Hexanal 5.638 3.29 5.73 796 800 

8 Dimethylheptane 6.182 5.73 8.785 815 
 

9 4-Methyloctane 7.153 5.73 8.785 847 863 

10 Dimethylbenzene 7.779 5.73 8.785 867 
 

11 Methoxyphenyl-

Oxime 

8.938 8.785 11.753 905 1301 

12 Benzaldehyde 10.412 8.785 11.753 955 962 

13 2-Ethylhexanol 12.496 11.753 14.221 1030 1030 

14 2,3-dimethyl 

nonane 

13.053 11.753 14.221 1053 1053 

15 Benzoic acid 15.705 14.221 16.316 1171 1170 

16 2-Decenal 17.448 16.316 18.192 1260 1263 

17 Tridecane 18.475 18.192 19.889 1317 1313 

18 Dodecanal 19.267 18.192 19.889 1363 1389 

19 Tetradecane 19.846 18.192 19.889 1397 1400 

20 Tridecanal 20.032 19.889 21.469 1409 1491 

21 Pentadecane  21.436 19.889 21.469 1498 1500 

22 Pentadecanal 23.173 22.946 24.343 1616 1694 

23 Heptadecane 24.346 24.343 25.672 1700 1700 

24 Homosalate 26.981 26.945 26.981 1900 1904 

25 C16 FAME 27.662 26.945 28.16 1959 1968 
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Figure 4-8: Heat map of the VOCs of salmon fillets stored for 17 days from HOGs obtained 
from different aquaculture sites. The colour scale shown to the right of the heat map indicates 
area between 0% and 100%.  

 

Thirteen (13) metabolites were detected from salmon fillets from a local supermarket at 

Day 0, while at Day 15, twenty-two (22) metabolites were detected and identified (Fig. 4-12). 

The freshness indicator penten-3-ol was not found on Day 0 or Day 15. Pentene (51%) and 

carbon disulphide (19%) were the most abundant metabolites of the VOCs profile of salmon 

fillets from the local supermarket at Day 0. On Day 15, ethanol (61%) and pentadecane (11%) 

were the two most abundant metabolites found in the VOCs profile (Fig. 4-12). 
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Figure 4-9: Biplot of the principal component analysis (PCA) of the identified volatile 
metabolites in unwashed and washed salmon fillets. 
 

 
 
Figure 4-10: Biplot of the principal component analysis (PCA) of the identified metabolites 
in salmon fillets packed in MAP with three levels of G/P ratio from Dover and stored at 0° C 
and 4° C on Day 17. 

Unwashed

Washed

Acetaldehyde

Carbon 
Disulphide

Trichloromethane

3-Methyl-Butanal
Penten-3-ol

Hexanal

Dimethylheptane

4-Methyloctane

Dimethylbenzene

Methoxyphenyl-
Oxime

Benzaldehyde

2-Ethyl-hexanol

Dodecane

Benzoic acid

2-Decenal

Tridecane

Dodecanal

Tetradecane

Tridecanal

Pentadecane

Pentadecanal
Heptadecane

Homosalate

C16 FAME

-3

-2

-1

0

1

2

3

4

-1 -0.5 0 0.5 1 1.5 2 2.5 3 3.5

F2
 (3

6.
90

 %
)

F1 (63.10 %)

Biplot (axes F1 and F2: 100.00 %)

Active variables Active observations

4A1

4A2

4A3

AB1 4B2

4B3

0A10A2

0A3

0B1

0B2

0B3

Acetaldehyde

Carbon Disulphide

1,3-Butanediol*

Trichloromethane

3-Methyl-Butanal
Penten-3-ol

Hexanal

Dimethylheptane
4-Methyloctane

Dimethylbenzene

Methoxyphenyl-
Oxime

Benzaldehyde

2-Ethyl-hexanolDodecane

Benzoic acid

2-Decenal Tridecane
Dodecanal

TetradecaneTridecanal

Pentadecane

Pentadecanal
Heptadecane

Homosalate
C16 FAME

-3

-2

-1

0

1

2

3

-1.5 -1 -0.5 0 0.5 1 1.5 2

F2
 (8

.7
6 

%
)

F1 (78.01 %)

Biplot (axes F1 and F2: 86.77 %)

Active variables Active observations



 100 

Day
 0

Day
 15

Acetaldehyde
Ethanol
Pentane

Carbon Disulphide
n-Hexane

2-Butanone
Thrichloromethane

2-methyl butanal
3-Methyl-Butanal

Penten-3-ol
Pentanal

3-Methyl-1-butanol
Hexanal

Methoxyphenyl-Oxime
Benzaldehyde

2-Ethyl-hexanol
Benseneacetaldehyde

Nonanal
Phenylethyl Alcohol

Pentadecane
2,2,4-Trimethyl-1,3-pentanediol diisobut

C16 FAME

Local supermarket 

0

20

40

60

 
 
Figure 4-11: Biplot of the principal component analysis (PCA) of the identified metabolites 
in salmon fillets packed in MAP with three levels of G/P ratio from Macquarie Harbour and 
stored at 0° C and 4° C on Day 17. 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-12: Heap map of VOCs of salmon fillets obtained from local supermarket.  
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The PCA (Fig. 4-13) shows some certain VOCs were in the same region on Day 0 and 

Day 15. This indicate that the profile of VOCs on Day 0 was different from Day 10.   

 

 
 

Figure 4-13: Biplot of the principal component analysis (PCA) of salmon fillets from a local 
supermarket packed in MAP at Day 0 and Day 15.  
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Figure 4-14: Relative abundance of microbial community at Genus level observed on 
unwashed fresh Atlantic salmon fillets packed in MAP with three different G/P ratios from 
Dover and stored at Day 10 at 4° C. Genera present at less than 0.1% were grouped together 
into the category Other. Jaccard similarity index between treatment was between 36 – 46%.  

 
At genus level, Pseudomonas was >50% of total sequences in the unwashed community, 

while Shewanella was present as 1.3% in this community (Fig 4-15). Bacillus (43%) and 

Acinetobacter (25%) were two major genomes in fillets from HOGs washed with NEW. This 

indicates that the washing process could reduce the Pseudomonas. The Other group comprised 

genera from Serratia, Proteus, Streptococcus, Clostridium and Parabacteriodes. 
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Table 4-9: Diversity estimation of the 16S rRNA gene libraries by sequencing on an Illumina MiSeq platform in fresh Atlantic salmon fillets 

packed in MAP from Dover.  

Treatment  Storage 
temperature  G/P ratio Storage 

day 
 

Sequences 
(n) 

Microbial 
richness 
(OTUs) 

Shannon  Simpson  

Washed  4 0.4:1 10 ND - - - 

Washed  4 1:1 10 ND - - - 

Washed  4 1:2 10 53223 27 1.48 0.09 

Washed  0 0.4:1 10 135381 32 0.98 0.41 

Washed  0 1:1 10 ND - - - 

Washed  0 1:2 10 ND - - - 

Unwashed  4 0.4:1 10 ND - - - 

Unwashed  4 1:1 10 31057 55 1.33 0.31 

Unwashed  4 1:2 10 ND - - - 

Unwashed  0 0.4:1 10 35278 63 0.89 0.53 

Unwashed  0 1:1 10 ND - - - 

Unwashed  0 1:2 10 ND - - - 

Washed  4 0.4:1 17 ND - - - 

Washed  4 1:1 17 36074 24 0.65 0.66 

Washed  4 1:2 17 ND - - - 

Washed  0 0.4:1 17 213425 28 0.86 0.45 

Washed  0 1:1 17 ND - - - 

Washed  0 1:2 17 ND - - - 

Unwashed  4 0.4:1 17 ND - - - 

Unwashed  4 1:1 17 58567 25 0.19 0.92 

Unwashed  4 1:2 17 50984 17 0.15 0.94 

Unwashed  0 0.4:1 17 141216 20 0.06 0.89 

Unwashed  0 1:1 17 150864 30 0.47 0.79 

Unwashed  0 1:2 17 50327 25 0.21 0.92 

Note: ND was insufficient sample meets read criteria >30,000 bp. 
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Table 4-10: Diversity estimation of the 16S rRNA gene libraries by sequencing on an Illumina MiSeq platform in fresh Atlantic salmon fillet 

packed in MAP from Macquarie Harbour. 

Treatment  Storage 
temperature  G/P ratio Storage 

day 
Sequences 

(n) 
Microbial 
richness 
(OTUs) 

Shannon  Simpson  

Washed  4 0.4:1 10 52030 15 0.31 0.85 

Washed  4 1:1 10 ND - - - 

Washed  4 1:2 10 ND - - - 

Washed  0 0.4:1 10 ND - - - 

Washed  0 1:1 10 ND - - - 

Washed  0 1:2 10 ND    

Unwashed  4 0.4:1 10 60667 9 0.11 0.92 

Unwashed  4 1:1 10 32871 12 0.34 0.8 

Unwashed  4 1:2 10 105346 10 0.2 0.9 

Unwashed  0 0.4:1 10 ND - - - 

Unwashed  0 1:1 10 ND - - - 

Unwashed  0 1:2 10 ND - - - 

Washed  4 0.4:1 17 ND - - - 

Washed  4 1:1 17 42334 28 0.269 0.757 

Washed  4 1:2 17 ND - - - 

Washed  0 0.4:1 17 ND - - - 

Washed  0 1:1 17 ND - - - 

Washed  0 1:2 17 ND - - - 

Unwashed  4 0.4:1 17 ND - - - 

Unwashed  4 1:1 17 35267 19 0.49 0.77 

Unwashed  4 1:2 17 50984 9 0.19 0.79 

Unwashed  0 0.4:1 17 66130 44 0.61 0.67 

Unwashed  0 1:1 17 ND - - - 

Unwashed  0 1:2 17 54404 16 0.89 0.44 

Note: ND was insufficient sample meets read criteria >30,000 bp
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Figure 4-15: Relative abundance of microbial community at genus level observed on 
unwashed and washed fresh Atlantic salmon fillets packed in MAP with 0.4:1 G/P ratio from 
Macquarie Harbour stored for 10 days at 0° C. Genera present at less than 1% were grouped 
together into the category Other. Jaccard similarity index between treatment was 36%. 
 

The microbial community differences between samples from Dover and Macquarie 

Harbour, unwashed, packed in 1:1 and 2:1 G/P ratio for 17 days at 4° C are shown in Fig 4-16. 

It is clear that Carnobacterium from Phylum Firmicutes was dominant in both levels of G/P 

ratio of salmon fillets obtained from Macquarie Harbour. However, the relative abundance of 

Carnobacterium from low G/P ratio was higher compared to samples packed in high G/P ratio. 

Photobacterium was dominant with a very high relative abundance level (>95%) in salmon 

fillets from Dover packed in high G/P ratio. Other Genus from the order Alteromonadales was 

dominant (75%) in salmon fillets packed in 1:1 G/P ratio from Dover (Fig. 4-16). 
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Figure 4-16: Relative abundance of microbial community at Genus level observed on 
unwashed fresh Atlantic salmon fillets packed in MAP with 1:1 and 2:1G/P ratio from Dover 
and Macquarie Harbour stored for 17 days at 4° C. Genera present at less than 0.5% were 
grouped together into the category Other. Jaccard similarity index between treatment was 
between 26 – 45% 
 
 

The temperature affected the changes of the microbial communities for samples from 

Macquarie Harbour. Photobacterium was dominant (>90%) for the unwashed samples, packed 

in 2:1 G/P ratio for 17 days at 4° C, while the dominant classification of samples stored at 0° 

C belonged to Other group (>70%) (Fig. 4-17). The Other group was consisted of unclassified 

(69%) and other from family Burkholderiaceae, Oxalobacteraceae, Aeromonadaceae (1%). 
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Figure 4-17: Relative abundance of microbial community at Genus level observed on 
unwashed fresh Atlantic salmon fillet packed in MAP with 2:1G/P ratio from Dover Harbour 
stored for 17 days at 4° C and 0° C. Genera present at less than 0.5% were grouped together 
into the category Other. Jaccard similarity index between treatment was 36%. 
 
 

The Other from order Alteromonadales was found to be dominant for unwashed fillets 

packed in MAP with 0.4:1G/P ratio stored for 17 days at 0° C from Dover, while 

Carnobacterium shared 97% of total genus in the community of the samples from Macquarie 

Harbour (Fig. 4-18).  
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Figure 4-18: Relative abundance of microbial community at Genus level observed on 
unwashed fresh Atlantic salmon fillets packed in MAP with 0.4:1 G/P ratio from Dover and 
Macquarie Harbour stored for 17 days at 0° C. Genera present at less than 0.5% were grouped 
together into the category Other. Jaccard similarity index between treatment was 34%. 

 

Pseudomonas (46%) and Shewanella (34%) were the dominant genus of the microbial 

community of salmon fillets obtained from local supermarket at Day 0, while, Photobacterium 

was the dominant of the microbial community after 15 days of storage (Fig. 4-19). From the 

succession graph (Fig. 4.20) it is clear that Photobacterium was taking over the community to 

become the dominant genus (from 4% on Day 0 to 90% on Day 15).  
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Figure 4-19: Relative abundance of microbial community at Genus level observed on salmon 
fillets from a local supermarket packed in MAP with 0.4:1 G/P ratio at Day 0 and Day 15. 
Genera present at less than 0.5% were grouped together into the category Other. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 4-20: Heat-map (threshold ³ 0.5%) of microbial community succession at genera level 
observed in on salmon fillets from a local supermarket packed in MAP at Day 0 and Day 15. 
White indicates extremely low (>0.5%) abundance, light brown indicates very low (0.1 – 20%), 
brown indicates moderate (20 – 49%), dark brown indicates high (50 – 80%) and black 
indicates very high (81 – 100%). 
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4.3.6   Identification of HSPB isolates by 16S rRNA gene sequencing 

Fifteen isolates out of 36 were selected by their ability to grow at all temperatures (4° C, 

10° C and 25° C) and sequenced. All the sequenced data (Appendix B) were then compared 

with nucleotides sequences in the National Centre for Biotechnology Information (NCBI) data 

base at https://www.ncbi.nlm.nih.gov/ and were deposited into GenBank with the accession 

numbers shown in Table 4-13. The closest relatives of the isolates at 99% similarity was S. 

baltica strain 63, however, the phylogenetic tree constructed showed closeness to S. baltica 

SB07 (Fig 4-19). 
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Note: Neighbour-Joining tree using Maximum Composite Likelihood distance; gaps and missing data were 
excluded from analysis. The scale bar indicates base substitutions per site. Evolutionary analyses were 
conducted in Molecular Evolutionary Genetic Analysis (MEGA7) (Kumar, Stecher, & Tamura, 2016).  
 

Figure 4-21: Phylogenetic affinities of H2S – producing isolates based on alignment of 
approximately 714 base pairs of the 16S rRNA gene.  
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4.4   Discussion  

4.4.1   Effect of combination of improved pre-processing stage and MAP on the shelf-life 

The sensory attributes such as colour, appearance and odour of fresh fillets from HOGs 

subjected to a 5 seconds wash with 100 ppm NEW before filleting was not appreciably better 

compared to the fillets from unwashed HOGs.  The HOGs that were used had been handled 

from harvesting through the pre-treatment process and transportation on ice or ice/water. This 

industrial processing procedure had successfully maintained the freshness of the HOGs, and 

no improvement to the sensory attributes through using sanitation washing of the HOGs was 

apparent over the storage time. However, the TVC of the unwashed sample at the lower G/P 

ratio stored at 0° C was higher indicating depression of the microbial growth due to washing 

but did not exceed 106 CFU/g and therefore may not have been high enough to cause a sensory 

issue (Fig. 4-4). The lower bacterial counts on the washed samples would probably mean that 

the shelf-life of these samples during sale and consumer storage would be longer. Although the 

high G/P ratio was able to hold down the microbial growth, this ratio cannot be achieved on 

the industrial bulk packaged (1.5 – 2.5 kg) fillet. Therefore, washing in sanitiser may be 

desirable to make the shelf-life more robust after the fillets are taken out of the MAP for sale 

at the fish bar in the supermarket.  

To improve the processing stage further a longer washing time might be desirable.  A 

two-step wash with a water-based sanitation product containing 15% or 50% HOCl called 

Electro-Chemically Activated Solution (ECS4) was found to significantly prolong the shelf-

life of skin-on and -off salmon fillets up to 10 days based on sensory quality perspective 

(Khazandi et al., 2017). The use of AEW, was reported to have no adverse effect on one of the 

sensory characteristics (firmness) of the shrimp (Litopenaeus vannamei) (T. Lin et al., 2013). 

The current study showed that controlled conditions during processing resulted in an extended 
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sensory properties acceptance of fresh salmon fillets as shown by the fillets colour being above 

standard (27 Roche salmon colour scale) and no apparent slime or off-odour detectable by the 

end of storage time (20 days) regardless of the treatment. 

This study showed that low (approximately 2 log CFU/g) initial numbers of bacteria, 

combined with a series of growth hurdles (high level of G/P ratio and low storage temperature), 

resulted in an extended lag phase of eight days prior to microbial growth occurring greater than 

106 CFU/g (Table 4-5). The extended lag phase observed in this study was similar to that found 

by Sivertsvik, Jeksrud, et al. (2002) and compares well to 15 days for Atlantic salmon (Salmon 

salar) in a 100% CO2 and 5:1 G/P ratio at less than 1° C  (Milne & Powell, 2014) and 13 days 

for wolf-fish (Anarhichas minor) (Rosnes, Kleiberg, Sivertsvik, Lunestad, & Lorentzen, 2006). 

No lag phases were observed for the growth of bacteria in Atlantic salmon packed in MAP 

after a treatment with ESC4 (Khazandi et al., 2017).   

The growth rates determined in this study were being calculated on a small number of 

points (five points) compared to those predicted by the Seafood and Safety Predictor (Version 

2.0, Dalgaard, Bunch, and Silberg (2002)) for P. phosphoreum on MAP salmon and the growth 

rates of total viable bacteria on commercially produced Atlantic salmon packed in MAP 

(Powell et al., 2015) (Table 4-11). The starting microbial number (3 log CFU/g) in this study 

was similar to that of Powell et al. (2015) for salmon stored at 3.5° C in 55% CO2.  Powell et 

al. (2015) predicted that it takes 12 – 13 days for bacterial numbers to reach 6 log CFU/g, 

whereas our growth rates for washed sample stored at 4° C in 70% CO2 indicate between 14 – 

20 days depending on the G/P ratio. The conditions for each variable of temperature, G/P ratio 

and atmosphere at which the Growth Rates were measured was given in the Table 4-11. This 

Study used much lower G/P ratios but high CO2 levels to reflect condition of actual industrial 
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practice. Therefore the growth rates obtained in this study were slower than those reported by 

Powell et al. (2015) and Dalgaard et al. (2002) which may indicate an improved process. 

Table 4-11: Comparison of total aerobic growth rates obtained in this study with maximum 
specific growth rates in MAP Atlantic salmon fillets  and maximum specific growth rates used 
in the P phosphoreum in MAP Atlantic salmon steak model in Seafood Spoilage and Safety 
Predictor. 

Temperature 
(°C)  G/P ratio Atmosphere (% 

CO2, balance N2) GR (this study)  
GR (sssp) 

(Dalgaard et 
al., 2002) 

GR  
 (Powell et 
al., 2015) 

0 3:1 98 - 0.029 0.023 
0 3:1 55 - 0.132 0.032 
0 3:1 30 - 0.048 0.034 
0 0.4:1 70 0.009 - - 
0 1:1 70 0.008 - - 
0 2:1 70 0.007 - - 
4 0.4:1 70 0.009 - - 
4 1:1 70 0.010 - - 
4 2:1 70 0.008 - - 

 

The presence of LAB and HSPB was only detected at Day 17 and 20 in this study. The 

mean generation time of HSPB, LAB, Pseudomonas spp., Brochothrix thermosphacta and 

Photobacterium spp of salmon (Salmo salar) stored aerobically at 4 °C  for 10 days was 

between 17.2 – 26 hours (Fogarty et al., 2019). This indicates that the treatment was successful 

in reducing the growth of LAB and HSPB in salmon fillets.  

The appearance and odour changes observed in the packaged salmon fillets at each point 

until Day 20 were minimal with no slime or off-odour detected despite the presence of 

Shewanella, Pseudomonas, Carnobacterium and Photobacterium in the communities. It was 

reported that microbial spoilage by Pseudomonas, resulted in a fruity or sulfhydryl off-odour 

and the production of hypoxanthine increased causing  a bitter and bland taste (Gram & Huss, 

1996). Sour and amine off-odour can be caused by Photobacterium phosphoreum, while sour 

and feet/cheese off-odour is reported to be produced by Carnobacterium maltaromaticum 

(Macé et al., 2013). Even though Photobacterium was reported to be able to reduce the TMAO 
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to TMA resulting in an off-fish odour (Dalgaard et al., 1993), at more than 6 log CFU/g level, 

it produced less than 20 ppm histamine in fresh MAP salmon (Emborg et al., 2002). TMA and 

histamine were also not detected in the current study (Table 4-7). The absence of TMA and 

histamine may be due to the high quality of HOGs and optimised processing, thus any adverse 

changing during 20 days of storage was difficult to observe.   

 

4.4.2   Freshness of the fillets packed in MAP  

Initially, the experiment was designed to have two replicates. However, the result showed 

that the microbial community profile of fillets from the two sources of HOGs were different 

with Jaccard similarity index from the same treatments below 50% (Figs 4-14 – 4-18). The raw 

material source was constrained to what was commercially available at the time of the year. 

Since the microbial community profiles of salmon fillets from two source of HOGs were 

different, the VOCs profiles were also analysed based on the source of HOGs.  

In this study, some volatile metabolites were consistently present while a few varied over 

time. The freshness indicator metabolites such as hexanal, tridecane, pentadecane and 1-

penten-3-ol presented in all samples except at Day 20. The spoilage indicator metabolites 

heptadecane was present in all samples. Trichloromethane and carbon disulphide (CS2) 

consistently appeared and their concentrations increased over the storage time.  

The formation of trichloromethane is found in chlorinated water sanitation processes 

such as for fresh-cut lettuce, diced onion and baby spinach (Fan & Sokorai, 2015). However, 

among various disinfection by-products (DBPs), only the presence of trihalomethanes (THMs) 

and haloacetic acid (HAA) is being regulated but the limits are different between countries (D. 

Kim, Amy, & Karanfil, 2015). Trihalomethane is formed when chlorine-based sanitiser reacts 

with organic matter (Abdel-Wahab, Khodary., & Bensalah, 2010; D. Kim et al., 2015). 

Information on the extent of formation of trichloromethane in fish wash water and transfer to 
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seafood products is not well documented. This area would need further research to determine 

origins and the legislative and potential health implication of the THM’s observed in this study. 

CS2 was the only sulphur compound that was found in the VOCs profile. CS2 has not 

been reported in stored salmon previously (Miks-Krajnik et al., 2016; Wierda et al., 2006). The 

major sulphides normally produced by microbial spoilage are dimethyl sulphide and dimethyl 

trisulphide (Miks-Krajnik et al., 2016; Odeyemi et al., 2018). The low to no level of dimethyl 

sulphide and dimethyl trisulphide maybe a result of the low microbial activity. CS2 was found 

to be produced by a photochemical process in fresh water and seawater environment (Du et al., 

2017; Gharehveran & Shah, 2018; K.-H. Kim & Andreae, 1992; H. Xie, Moore, & Miller, 

1998; Zhu, Yang, & Zhang, 2019). COS and CS2 formation increased up to 11 and 4 times, 

respectively after 12 hours of sunlight exposure and those two compounds were affected by 

dissolve organic carbon (DOC) (Gharehveran & Shah, 2018). The was no specific trend of the 

level of CS2 in the fillets VOC during the 20 days of storage. The presence of CS2 in the VOC 

profile of salmon fillet from HOGs obtained from Dover and Macquarie Harbour may therefore 

come from the environment. Future study on quantitation of the VOCs analysis and using non-

chlorinated salmon samples for comparison is desirable to give a more understanding of the 

VOCs profile salmon fillets packed in MAP during storage.  

Several alcohols (cyclopentanol, Z-2-penten-1-ol, 1-penten-3-ol, and 1-octen-3-ol, 2-

decanol), aldehydes (hexanal, octanal, E-2-pentenal, and E-2-hexenal, lilac aldehyde, 

octadecanal), ketones (tridecane and pentadecane) were identified as potential markers for 

freshness of salmon (Wierda et al., 2006) and blue crab (Parlapani et al., 2019). Several other 

volatiles (acetoin, ethyl benzene, propyl benzene, styrene, 3-methyl butanoic acid, and acetic 

acid) were identified as potential markers for salmon and oyster spoilage (Odeyemi, 2019; 

Wierda et al., 2006). Aldehydes, sulphurs and ketones were the major volatile classes of canned 

sockeye salmon (Girard & Durance, 2000) while esters and ketones were the major for blue 
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crab and European sea bass (Parlapani et al., 2015; Parlapani et al., 2019). From 25 identified 

metabolites, only six metabolites were found clustered as a primary variable (Figs 4-9 – 4-11) 

with their presence being significant in the VOC profiles. The metabolites were pentadecane, 

penten-3-ol, carbon disulphide, hexanal, trichloromethane and 3-methyl butanol. In the work 

of Varlet et al. (2006) only heptanal and (E,Z)-2-6-nanodial frequently were detected in fresh 

salmon and giving the typical fishy odour.  

This study did not detect TMA during 20 days of storage. This finding may be reflective 

of a low level of TMAO or microbial loads in the salmon fillets. This in line with other findings 

during the storage of 12 days of Atlantic salmon fillets where no TMA was detected (Einen & 

Thomassen, 1998). Furthermore,  Emborg et al. (2002) claimed that salmon has a low level of 

TMAO (11 – 14 mg/100 g flesh). A low level of TMA, ranging from 3.5 to 6.5 mg/100 g in 

salmon slice during 15 days of storage was also been reported by Sallam (2007), while ranging 

from 9 to 12 µg/g found in salmon stored on two to four days at 4° C (Miks-Krajnik et al., 

2016). 

In prior literature ketones, mainly 3-hydroxy-2-butanone, were detected at the highest 

level (33%) at sensory rejection, followed by amines (TMA) (29%), alcohols (15%), acids 

(4%), aldehydes (3%), and a low level of esters (<1%) (Olafsdottir et al., 2005). Acetic acid 

was proposed as a raw salmon spoilage marker (Macé et al., 2013). In this study only 13 

metabolites were found and identified in commercial salmon fillets at Day 0, while 22 

metabolites were identified at Day 15 (Table 4-9). The freshness indicator penten-3-ol was not 

found at Days 0 and 15, while the spoilage indicator pentadecane was found at Days 0 and 15. 

The salmon packed under controlled conditions resulted in a better VOC profile as shown by 

lower levels of spoilage indicators.  

 



 118 

4.4.3  Microbial community of fresh salmon fillets package MAP 

Only 20 samples out of 52 passed the quality control microbial community analysis in 

having sufficient microbial DNA material for reliable readings to be made. The low sequence 

reads may have been the result of very low microbial number but DNA can be damaged by 

oxidative stress in bacteria (Català, Sumalla, & Salvador, 2000). HOCl is a known trigger of 

oxidative stress in microbial cell (Fukuzaki, 2006; Huang et al., 2008) so may have also 

decreased the level of readable DNA.  

The samples that were analysable showed that the microbial richness and types were very 

different between samples from Macquarie Harbour and Dover (Tables 4.9 – 4.10). It was 

unexpected that Photobacterium would dominate the bacterial community (>90%) for the 

samples from Dover at all three levels of G/P ratio (Fig. 4-14) and for salmon fillets from a 

local store (Fig. 4-19). Photobacterium is known as a major SSO of salmon in both the product 

and processing lines in the Northern hemisphere (Emborg et al., 2002; Jääskeläinen et al., 2019; 

Langsrud et al., 2015; Møretrø et al., 2016). However, in the Southern hemisphere, 

Photobacterium has not similarly been detected  as a major SSO in salmon fillets (Khazandi et 

al., 2017; Milne & Powell, 2014; Powell & Tamplin, 2012). Photobacteria must therefore now 

also be included in the list of spoilage organisms in Australian-produced Atlantic salmon.  

Even in this study, while Photobacterium was dominant in salmon fillets from the Dover 

farm, no TMA was detected in the VOCs profile in any samples. TMA was reported as the 

main spoilage product that Photobacterium may produce (Jääskeläinen et al., 2019). The 

Photobacterium found in this study may not be the type of TMAO reducing bacteria or the 

levels of TMAO may be too low to result in release of detectable TMA. The VOCs analysis 

method that was used in this study, was also used by Odeyemi et al. (2018) to evaluate the 

spoilage potential and volatile metabolites production by Shewanella baltica from MAP live 

mussels and their study showed TMA release from the samples. Furthermore, F. Wang, Fu, 
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Bao, and Wang (2017) concluded that metabolites production can change the quorum sensing 

of the mix microbial population and influences spoilage potential of seafood microorganisms. 

All the above findings show that shifting of microbial communities can result in consequences 

to the fish quality. An evaluation of VOC metabolites production by SSO of Atlantic salmon 

fillets under different conditions may give a better knowledge of VOC profile produced by the 

SSO and help indicate why TMA was not detected as a product of microbial metabolism in 

these Atlantic salmon samples.   

Carnobacterium was the dominant genus in unwashed samples from Macquarie Harbour 

packed in 1:1 and 2:1 G/P ratio. Carnobacterium was also found in raw salmon stored under 

MAP by Macé et al. (2012) and Rudi et al. (2004) but not found in commercial salmon fillets 

(Fig. 4-19). Along with  Shewanella, Carnobacterium were dominant on salmon fillets packed 

in MAP (55% CO2 in N2) stored for 15 days at 4° C (Powell & Tamplin, 2012). The dominance 

of Carnobacterium might also be a result of the use of Carnobacterium as a probiotic for 

Atlantic salmon (P. A. W. Robertson, O’Dowd, Burrells, Williams, & Austin, 2000). 

Carnobacterium also found and identified from gastrointestinal tract of Atlantic salmon 

(Joborn, Dorsch, Olsson, Westerdahl, & Kjelleberg, 1999). This result suggests that the 

presence of Carnobacterium could be limited and controlled by good sanitation practices in 

handling the HOGs at the earliest stage in the processing line, and washing the HOGs after 

gutting to remove possible faecal cross contamination from the intestinal tract.   

As expected from prior reports (Fogarty et al., 2019; Milne & Powell, 2014) 

Pseudomonas was found in the fresh salmon fillets packed in MAP in this study (Figs 4-15 – 

4-19). It has been categorised as the SSO in the fresh salmon packed in MAP and in salmon 

processing plants (Emborg et al., 2002; Fogarty et al., 2019; Langsrud et al., 2015; Milne & 

Powell, 2014; Rudi et al., 2004). However, Pseudomonas was only dominant (55%) in the 

microbial community of salmon fillets packed in MAP with 0.4:1 G/P ratio from Macquarie 



 120 

Harbour stored for 10 days at 0° C (Table 4-15). Pseudomonas (45%) and Shewanella (34%) 

were both dominant organisms in the microbial community of salmon fillets obtained from a 

local store (Fig. 4-19). Photobacterium was became the dominant genus by Day 15 of storage 

at 4° C with a 93% of relative abundance. A combination between sanitation processing, high 

G/P and low storage temperatures therefore can change the microbial community profile of the 

fillets and could be used to alter the major SSO’s that grow. 

At this point, it is unclear why the microbial richness and type were different between 

samples from Macquarie Harbour and Dover. The HOGs used in this study were harvested 

from Dover in winter – spring and Macquarie Harbour in summer – autumn but were also 

processed in different factories. The differences in the microbial communities could be due to 

the season of harvest or differences in the fish farm environment or factory environment. For 

example, there was a close relationship between sediment geochemistry  and carbon stable 

isotope ratio with microbial community composition in Derwent Estuary, Tasmania (Abell et 

al., 2013) and the Sea of Okhotsk (Inagaki et al., 2003). In conclusion, there are many factors 

that could affect the richness of the microbial community of the salmon fillets. Further samples 

from both farms at different seasons would be needed to understand the causes of the microbial 

community differences and potentially manipulate microbial communities for longer product 

shelf-life.  

In this study, 15 out of 36 isolates were identified as Shewanella baltica. The closest 

relative in the isolates at 99% similarity was S. baltica strain 63. However, the phylogenetic 

tree constructed showed closeness to S. baltica SB07 (Fig. 4-21) isolated from Yellow croaker 

(Pseudosciaena crocea) (Ge, Zhu, Ye, & Yang, 2017).  Different Shewanella species were 

present in the newly caught fish. With production of TMA and DMA compounds as off 

flavours it is categorised as the most important HSPB species during ice storage of Danish 

marine fish (Vogel, Venkateswaran, Satomi, & Gram, 2005). This result suggested that S. 

baltica was the most prevalent HSPB strain of Danish marine fish after storage for 14 days at 



 121 

0° C.  S. baltica can now also be regarded as the important Shewanella HSPB strain of 

Australian fresh salmon fillets.  

 

4.5   Conclusion  

To conclude, a combination of improved pre-processing sanitation, high G/P ratio and a 

low temperature can raise the hurdle for microbial growth and prolong the shelf-life of fresh 

Atlantic salmon fillets by at least two days and potentially up to six days above current industry  

shelf-life of 14 days. A 100 ppm FCC is an adequate concentration of NEW/NEI for improving 

the pre-processing sanitation. The combination can have a significant effect on the VOCs and 

microbial community at lower G/P ratios which are necessary for packing bulk trays of fillets. 

The freshness markers of VOCs decrease more slowly over time of storage compared to control 

samples but current practice does not grossly impact on the sensory perception of freshness.  

The microbial community existing on salmon fillet is very dynamic. Photobacterium and 

Pseudomonas were found to be the dominant bacteria on the fillets. While Shewanella baltica 

seems to be the important HSPB in the Australian salmon fillets TMA was not produced at 

detectable levels contributing to the extended effective shelf-life. 

Although the combinations of improved pre-processing and MAP could extend the shelf-

life of Atlantic salmon fillets, further optimisation is possible. The efficacy and effects of the 

different optimised combinations of hurdles to inhibit the growth of SSO such as Shewanella 

baltica could be determined at higher, more abusive storage temperatures, that may occur after 

material leaves the control of the processor. 
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CHAPTER 5 Effects of soluble gas stabilisation and modified 
atmosphere packaging of Atlantic salmon fillets 
 

5.1   Introduction  

The aim of this study was to characterise the effect of SGS treatment during the pre-

processing step (Fig 1-2) to improve the subsequent effectiveness of MAP on the quality of 

fresh chilled salmon fillets. When the temperature is kept cold, the effectiveness of MAP is 

mostly determined by the CO2 concentration that dissolves into the fillets. The level of CO2 

that dissolves is a result of the combination of the partial pressure of CO2 gas inside the package 

and the G/P ratio (ratio between  volume of the gas and the mass of the product) (Knoche, 

1980; Sivertsvik, Jeksrud, Vagane, et al., 2004). G/P ratio is one of the keys for MAP to be 

optimally effective. Sivertsvik, Rosnes, et al. (2002) suggested that the G/P ratio should be 

between 2:1 and 3:1. 

In Chapter 4 it was found that a high G/P ratio of 2:1, as expected, gave the highest 

residual CO2 levels of around 50% after 10 days at 4° C and 0° C (Figs 4-5 – 4-6). At this level 

there was only 5 log CFU/g TVC in the washed sanitised MAP fillets after 20 days (Fig. 4-3) 

with no detectable HSPB or LAB (Table 4-6). However, as the high G/P ratio cannot be 

achieved within efficient bulk packaging of fillets, alternative means were sought. An 

improved approached to enhance the MAP shelf-life that avoids these restrictions was needed.  

A treatment method called SGS has been used by other researchers to increase dissolved 

CO2 in fish fillets prior to packaging (Sivertsvik, 2000). The potential for SGS treatment was 

supported by previous studies on the effectiveness of carbonic acid dipping of fish fillets in 

extending the shelf-life compared to no treatment or CO2 MAP alone (Lampila, 1991). Having 

a high G/P ratio distorts the packaging, as the CO2 gas in the atmosphere dissolves into the 

product creating a partial vacuum. The application of SGS was also reported to potentially 
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prevent the package collapse due to product adsorption of CO2 (Sivertsvik, Jeksrud, Vagane, 

et al., 2004; Sivertsvik, Rosnes, et al., 2004; Sivertsvik et al., 2003). No previous studies, 

however, have used SGS on whole fish. Thus, this study using SGS on HOGs aimed to address 

the knowledge gap of whether it would be effective. To ensure that at least a minimal level of 

spoilage organisms was present, this experiment involved inoculating the HOGs with a 

microbial challenge during pre-processing treatment.  

Based on previous studies (Chapter 4, Section 4.3.6) S. baltica seems to be an important 

HSPB of Tasmanian fresh Atlantic salmon fillet.  Consumer complaints had been received 

periodically by the industry related to a sulphide off-odour of fresh salmon fillets packaged in 

MAP. The complaints occurred at moderate TVC counts and well before shelf-life expiry 

(Lamb, TASSAL Ltd 2016, personal communication). The source of the off-odours may be 

due to the presence of S. baltica as this species was reported by Vogel et al. (2005) as the most 

important HSPB during iced storage. Thus, for this experiment the presence of Shewanella was 

ensured by low level microbial inoculation of the HOGS and levels of HSPB were monitored 

during fillet processing and later storage. Improving the pre-processing stage by raising the 

CO2 level using SGS could potentially inhibit or even eliminate the growth of S. baltica in the 

HOGs during pre-treatment, and result in better preservation of quality of fresh salmon fillets 

bulked packaged under MAP.  

At a low temperature of less than 4° C, sufficient CO2 can be dissolved into food  products 

in one to two hours using pure CO2 atmosphere exposure prior to packaging (Sivertsvik, 

Jeksrud, Vågane, & Rosnes, 2004). Sivertsvik, Jeksrud, Vågane, et al. (2004) used a 

manometric method to determine the solubility of CO2, and distilled water to replace the actual 

food in the experiments. Fillet processing in actual industrial practice however is rapid.  From 

filleting to packaging occurs within only three to five minutes. Therefore, having an additional 

step of one to two hours during the process to increase the level of CO2 in the product would 
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not be practical. However, the use of SGS was proposed to be applied during the pre-processing 

rigor mortis relaxation stage in combination with NEW/NEI to utilise the two to five days that 

the HOGs were to be held on ice to pre-saturate the fish flesh with CO2. NEI could be used to 

maintain the low temperature, as well as provide the slow melting release of sanitising HOCl 

during the pre-processing stage, and would further contribute to inhibiting the growth of S. 

baltica inoculum on the HOGs.  

HOGs are larger than fillets and have skin/fat layers that may serve as barriers to CO2 

absorption. However, sufficient time may be available for SGS treatment during two to five 

days of rigor mortis reversal to overcome the barriers. It was proposed that HOGs subjected to 

an elevated CO2 gas atmosphere over three days prior to filleting would result in a decrease in 

microbial loads of the salmon at packaging and an increase in CO2 levels achieved during MAP 

storage. Thus, it could improve quality of fresh chilled salmon fillets and result in an extended 

shelf-life.  

 

5.2   Materials and Methods  

In this Chapter, three independent studies were performed. Studies 1 and 2 were to 

develop approaches and protocols for the later large-scale trials of Study 3. Study 1 was to 

validate the SGS on NEW/NEI, while Study 2 was to test the inoculation method of S. baltica, 

obtained from Chapter 4, on Atlantic salmon. Study 3 was designed as a pilot study and aimed 

to determine if the combination of SGS and NEW/NEI to fresh Atlantic salmon fillets bulk 

packaged in modified atmosphere packaging was better than current industrial practice. This 

experiment also determined the impact of the additional inoculum of S. baltica and SGS/NEI 

treatments on the changes of microbial community and VOCs of the fillets during storage.  
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5.2.1   Chlorine oxidation properties of NEW/NEI in combination with SGS 

In Study 1 the stability of the oxidation properties of NEW/NEI was tested in 

combination with SGS but without any salmon and organic matter present. NEW and NEI were 

made with the same methods as given in Chapter 3 (3.2.1.). Two replicates of experiments on 

SGS in conjunction with NEW and NEI treatment were conducted (n = 6). In this Study SGS 

treatment was comprised of starting with carbonic acid solution ice (CASI) along with using 

CO2 dry ice (CO2DI) to generate a carbon dioxide atmosphere above the solution. The CASI 

was generated using carbonated drinking water obtained from local supermarket (sparkling 

water, Coles house brand, Coles Supermarkets Australia Pty Ltd) by freezing the water.  

Twenty L of 100 ppm FCC of NEW was added in an insulated ice box (Dometic cool ice CI42, 

43 L, Dometic Group AB, VIC, Australia), followed by 4 kg of 100 ppm NEI and 4 kg of CASI 

and 1 kg of CO2DI. A mass of 1 kg of CO2DI was chosen based on an excess of over the 2.80 

g CO2 needed to saturate each litre of water at 5° C and 1 atm (Doods, Stutzman, & Soliami, 

1956), but also being sufficient mass for maintaining slow sublimation of ice over several days. 

The CO2DI was placed into a small polystyrene foam container to separate it from contact with 

the water and was then placed into the insulated ice box. The insulated ice boxes were then 

closed but left unlocked to prevent possible pressure build up and stored in a cool room (4±1.0° 

C) for 72 hours. Chlorine oxidation properties of the solution were tested as explained in 

Chapter 2 (2.2.2.). The physicochemical analysis was conducted at 0, 6, 9, 24, 48 and 72 h.  

 

5.2.2   Challenge inoculation of Shewanella baltica on Atlantic salmon fillets 

The result from Chapter 4 showed that the HSPB was not detected in the early days of 

storage. The aim of Study 2 was therefore to find a concentration of S. baltica to be inoculated 

on salmon fillets that was as low as possible but still sufficient to be detected by the plate count 

method and also high enough to influence the keeping quality of the fillets. Atlantic salmon 
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fillets (125±2g) were commercially obtained from a local store and immediately packed in 

polyethylene plastic lined polystyrene boxes containing ice packs for transport (15 minutes) to 

the laboratory.  

The S. baltica cocktail used NCBI accession numbers MH885545, MH885546 and 

MH885548, identified from Chapter 4. Strains were stored as beads at -20° C and were thawed 

at room temperature. The beads were streaked on IA (as given in Chapter 2, 2.2.6.2). Strains 

were inoculated into Tryptone soya broth (CM0129B, Oxoid, UK) and then adjusted to an 

OD600 of 0.13 – 0.16, corresponding to approximately 106 CFU/mL. The three strains were 

mixed into a tube at equal ratio to form the inoculum.  

One mL of inoculum was added into a container of 1 L room temperature tap water. 

Salmon fillets were soaked in the inoculation water for 15 mins with manual agitation. Fillets 

were then transferred into lidded polyethylene plastic boxes. Each container had 3 pieces of 

fillets. Five hundred g of 100 ppm NEI was added and the lid was closed. A control sample 

was prepared with the same treatment without added bacteria and stored with the same amount 

of TWI. All the boxes were stored at simulated temperature abuse 10± 0.5° C for 72 h followed 

by 4±1° C for seven days without the addition of extra ice. Two independent experiments with 

three sample replications were performed in the study (n = 6). Microbial plate counts for TVC, 

LAB and HSPB were carried out at 0, 24, and 72h for the 10° C stored box and at Day 1 and 

Day 7 when stored at 4° C. The microbial counts of TVC and LAB and HSPB were done using 

the methods in Chapter 2, Section 2.2.6.2. 

 

5.2.3   The effects of hurdle combination of SGS and NEW/NEI on fresh Atlantic salmon 

fillets packaged in MAP 
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5.2.3.1   Sampling and experimental design 

Study 3 was designed to ascertain if SGS treatment of HOGs was an effective treatment 

for the lowering microbial load of salmon fillets packaged in MAP and making it more efficient 

in prolonging the shelf-life. The NEW and NEI were made with the same methods described 

in Chapter 3 (3.2.1.). Fresh HOGs, approximately 55 – 53 cm in length and weighing between 

2.8 – 3 kg, were stored on ice in polystyrene foam boxes according to industry protocols. HOGs 

were transferred from the industry to the laboratory overnight following harvest and the boxes 

were stored in a cool room prior to use. For each of two independent trials, a total of 15 HOGs 

were randomly assigned to six treatment groups (n = 3 fish per group), as given in Table 5-1. 

For treatment A (Table 5-1), 100 ppm of NEW (20 L) with 3 HOGs were then mixed 

with 8 kg of 100 pm NEI into the insulated ice box (Dometic cool ice CI42, 43 L, Dometic 

Group AB, VIC, Australia). For treatment B, 100 ppm of NEW (20 L) was added with 4 kg of 

NEI and 4 kg of CASI followed by 1 kg of CO2DI in a polystyrene foam box which was placed 

into the ice box. Both treatments A and B had HOGs that had been inoculated by dipping the 

HOGs in the water containing 3 log CFU/mL for 15 minutes before they were placed in the 

insulated ice box. Controls 2 and 3 had the same design as A and B but with uninoculated 

HOGs. Control 1 had inoculated HOGs and was stored in TWI. All the HOGs were stored for 

3 days in the ice boxes inside a 4° C cool room. 

HOGs were manually filleted after 3 days of SGS pre-processing storage. A one L MAP 

tray was used in this study to make the experiment practical in term of fish volume and cost of 

replicates and labour. Fillets (100± 5 gr each) were packed in MAP with 0.4:1 G/P ratio, 70% 

CO2 and 30% N2 and stored at 4° C for 20 days. The MAP and gas setting were as given in 

Chapter 4, Section 4.2.2. The analysis was conducted at Days 1, 10, 17 and 20. The 

organoleptic and colour assessment were obtained with the methods described in Chapter 4, 

Section 4.2.6.  



 128 

 Table 5-1: Experimental design for pre-processing stage of the study on the effects of hurdle 
combination of SGS and NEW/NEI on fresh Atlantic salmon fillets bulk packaged in modified 
atmosphere packaging 

 Treatment 
Control 1 Control 2 Control 3 A B 

CASI    Ö  Ö 
CO2DI   Ö  Ö 
NEW  Ö  Ö Ö 
NEI  Ö  Ö Ö 
S. baltica Ö   Ö Ö 
TWI Ö     

 

 

5.2.3.2   Enumeration of total culturable bacteria 

At each time point (Days 1, 10, 17 and 20) TVC, LAB and HSPB counts were carried 

out as described in Chapter 2, Section 2.2.2.6. The enumeration of the bacterial counts was also 

carried out on two independent samples before and after fillets were packed in MAP on Day 0. 

 

5.2.3.3   Headspace and volatile organic compound analysis 

At each time point, headspace MAP gas analysis was conducted with the same methods 

explained in Chapter 4, Section 4.2.5. The VOCs analysis was conducted using the same 

methods given in Chapter 4, Section 4.2.8. 

 

5.2.3.4   Microbial community analysis 

At each time point, equal amounts (1 g, flesh and skin) of fillets were transferred into 2 

mL test tubes for DNA extraction and microbial community analysis purposes using the same 

methods as described in Chapter 4, Section 4.2.9. 
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5.2.3.5   Statistical analysis  

In Study 1, data were analysed using polynomial regression to calculate and model the 

changes in the chlorine oxidation potential of NEW/NEI combined with SGS. In Study 2, 

ANOVA and Tukey’s post-hoc multiple comparison was used to determine a significant 

difference between treatments. In Study 3 analysis of variance for multiple dependent variables 

(MANOVA) with Tukey’s post-hoc multiple comparison test was used in Study 3 to determine 

the most effective treatment for lowering the microbial load of salmon fillets packaged in MAP 

during storage. Microbiology data were expressed as the log of colony-forming units (CFU) 

per gram or millilitre (log CFU/g or log CFU/mL).  

The volatile organic compound profile was qualitatively analysed and expressed as 

percentage (%) of counts from the mass detector for that analysis run. The peak areas of each 

compound were statistically compared by multivariate explanatory analysis, using principal 

component analysis (PCA) to discriminate freshness and spoilage volatile markers. XLSTAT 

version 2019 (Addinsoft, 2019) was used for PCA analysis. SPSS statistics version 25.0.0.1 

2017 (IBM, USA) was used for all other statistical analysis. Prims8 (GraphPad Prism software 

Version 8.0.2, CA 92037 USA) was used to build heat a map of microbial community 

succession at genera level observed in the salmon fillets and VOCs of salmon fillets. 

 

5.3   Results  

5.3.1    Chlorine oxidation properties of NEW/NEI in combination with SGS treatment 

The result of Study 1 showed that the ORP level of the ice slurry of the combination of 

NEW/NEI and carbonic acid without organic matter present increased over time from 890 to 

1014 mV at the end of storage (72 h) (Fig. 5-1). The FCC increased 3-fold to 346 ppm from 

the initial value of 108 ppm FCC (Fig. 5-2). The pH decreased by 2.3 pH units by the end of 

storage (Fig. 5-3).  
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Figure 5-1: ORP (mV) of NEW/NEI and SGS stored at (4±1.0° C) for 72 hours. The results 
represent mean (n = 6) and error bars indicate 95% confidence intervals.  
 
 

 

Figure 5-2: FCC (ppm) of NEW/NEI and SGS stored at (4±1.0° C) for 72 hours. The results 
represent mean (n = 6) and error bars indicate 95% confidence intervals.  
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Figure 5-3: pH (mV) of NEW/NEI and SGS stored at (4±1.0° C) for 72 hours. The results 
represent mean (n = 6) and error bars indicate 95% confidence intervals.  
 
5.3.2   Challenge inoculation of Shewanella baltica on Atlantic salmon fillets  

The initial aerobic bacteria load of salmon fillets before inoculation with S. baltica was 

2.3 log CFU/g and the load of HSPB was undetectable (< 2.1 log CFU/g). The growth of 

aerobic bacteria in salmon fillets stored with NEI was slower, as shown by the microbial level 

of the fillets being 1 log less compared to fillets stored with TWI at 10° C for 48 h (Fig 5-4). 

Inoculation with a final concentration 3 log CFU/mL of S. baltica increased the HSPB load to 

4.5 log CFU/g salmon at 0 hours (Fig 5-5). There was a significant difference (p< 0.05) between 

the final population of aerobic bacteria in salmon fillets stored with NEI and stored with TWI. 

The same pattern applied to the salmon stored at 4° C without any ice treatment.  

The results (Fig. 5-5) also showed that NEI treatment significantly (p< 0.05) lowered the 

level of S. baltica compared to the control stored with TWI, for 48 h. A low temperature (2 – 

4° C) decreased the S. baltica load by 2.5 log down to 2 log CFU/g in the first 24h (Fig. 5-5). 

The S. baltica load level increased by 1.5 log and 2.5 log at 48 h for NEI and TWI, respectively. 

No LAB were detected in this study.  
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Figure 5-4:Total viable count (TVC) of aerobic bacteria on fresh salmon inoculated with S. 
baltica and stored with NEI or TWI. Results represent mean (n =6) and standard error with 
95% confidence interval. Different superscript denotes significant difference (p<0.05) in the 
mean of total viable count. 
 

 
Figure 5-5:Total number of HSPB on fresh salmon inoculated with S. baltica and stored with 
TWI or NEI. Results represent mean (n =6) and standard error with 95% confidence interval. 
Different superscript denotes significant difference (p<0.05) in the mean of total count. 
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The proportion of HSPB to TVC microbial load (log CFU/g) in the salmon fillets after 

inoculation was 20% higher than before inoculation (Fig. 5-6) while the microbial load ratios 

of salmon fillets inoculated with S. baltica and stored with TWI and NEI were the same (Fig. 

5-7). There was a similar proportion of microbial load in salmon fillets after storage at 4° C for 

10 days with TWI and after storage with NEI (Fig. 5-8) 

 

 

(a)                                                      (b) 

Figure 5-6: Proportion of microbial load in salmon fillets before (a) and after (b) inoculation 
with S. baltica 

 

 

(a)                                                      (b) 

Figure 5-7: Proportion of microbial load in salmon fillets inoculated with S. baltica storage 
with TWI (a) and NEI (b) at 10° C for 3 days.  
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(a)                                                      (b) 

Figure 5-8: Proportion of microbial load in salmon fillets inoculated with S. baltica and 
storage with TWI (a) and NEI (b) at 4° C for 10 days.  

 

5.3.3   The effects of hurdle combination of SGS and NEW/NEI on fresh Atlantic salmon 

HOGs subsequently filleted and packaged in MAP  

The presence of SGS (treatment: NEW/NEI+SGS and NEW/NEI+SGS+SB) maintained 

the ORP and FCC level in the ice slurry after 3 days storage compared to treatment without 

carbonic acid (Table 5-2). The pH value decreased in all the SGS treatments by Day 3 of 

storage. The colour of salmon packed in MAP was not significantly different among all 

treatments (p>0.05). Similarly, the pH remained constant at 6.1 – 6.4 (Table 5-3). The gaseous 

head-space CO2 percentage in all treatment packages decreased from 67% to 18% over time. 
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Table 5-2: The mean (± SD) values of the pH, ORP, FCC and temperature of ice slurry on Day 0 and Day 3. Results represent mean and 
standard deviation of duplicate analysis (n=4). Different superscripts denote significant difference (p<0.05) in the means of physicochemical 
properties of ice slurry. 
 

 

Treatment 
Parameter 

Day 0 Day 3 

ORP (mV) FCC (ppm) pH Temp (°C) ORP (mV) FCC (ppm) pH Temp (°C) 

NEW/NEI 737±23a 104.5±0.7a 7.5±0.1a -2.1±0.1a 238±9b 37.5±1.3b 7.4±0.1a 1.1±0.2a 

NEW/NEI+SGS 898±4.2a 105.0±0.0a 7.0±0.0b -2.1±0.1a 596±3c 122.0±1.4c 6.8±0.1c 0.3±0.1a 

NEW/NEI+SGS+SB 888±26a 104.5±0.7a 7.0±0.1b -2.0±0.0a 631±16d 124.5±1.4c 6.7±0.2c 0.2±0.1a 

NEW/NEI+SB 734±12a 105.0±0.0a 7.5±0.1a -2.0±0.0a 253±16b 41.0±5.7b 7.4±0.1a 1.2±0.2a 

 
 
Table 5-3: The mean value (± SD) of the pH and colour of salmon fillets and CO2 of MAP headspace stored at 4° C. Results represent mean and 
standard deviation of duplicate analysis (n=4). 

 

Treatment 
Parameter 

Day 1 Day 10 Day 17 Day 20 

pH Colour CO2 (%) pH Colour CO2 (%) pH Colour CO2 (%) pH Colour CO2 (%) 
TWI+SB 6.3± 0.1 30.8± 0.5 67.2± 1.0 6.3± 0.1 30.5±0 .6 22.9± 1.3 6.3± 0.1 30.3± 0.5 18.8± 1.0 6.3± 0.0 27.8± 0.5 18.8± 1.0 

NEW/NEI 6.3± 0.1 30.8± 0.5 67.4± 0.6 6.3± 0.1 30.5± 0.6 22.9± 0.8 6.2± 0.0 30.3± 0.5 18.8± 1.0 6.2± 0.1 28.5± 0.6 18.3± 0.2 
NEW/NEI+SGS 6.3± 0.1 30.8± 0.5 67.5± 0.9 6.3± 0.1 30± 0.0 22.8± 0.5 6.2± 0.1 30.3± 0.5 18.8± 1.0 6.3± 0.1 28± 0.0 18.1± 1.2 

NEW/NEW/SGS+SB 6.3± 0.2 31.0± 0.0 67.3± 0.3 6.3± 0.2 31± 0.0 23± 1.2 6.3± 0.2 30.8± 0.5 18.8± 1.0 6.1± 0.0 28.5± 0.6 18.7± 0.5 
NEW/NEI+SB 6.4± 0.1 30.8± 0.5 67.7± 0.8 6.4± 0.1 30.5± 0.6 22.5± 0.6 6.4± 0.1 30.3± 0.6 18.8± 1.0 6.2± 0.0 28.3± 0.5 18.1± 0.2 
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5.3.3.1   Volatile organic compounds  

The heat map (Fig. 5-9) shows that n-hexane was the dominant volatile before storage 

(47 – 57%). The figure also shows that the trichloromethane level increased with time, except 

for Control 1. The C16 FAME appeared only in Day 17 and 20 for treatment A 

(NEW/NEI+SGS+S. baltica) and B (NEW/NEI+S. baltica), while in Control 2 (NEW/NEI), 

and 3 (SGS) appeared in Day 1 and 10 of storage.  

 

Figure 5-9: Heat map of VOCs of salmon fillets  before and after inoculation with S. baltica 
and stored for 20 days with treatment A (NEW/NEI+SGS+S. baltica), B (NEW/NEI+S. 
baltica), Control 1(TWI+S. baltica), C2 (NEW/NEI), C3 (SGS).  

 
PCA analysis has shown that at Day 1 the VOCs profile was very similar to Day 10 (Figs 

5-10 – 5.14) in all treatments, however the Day 17 and Day 20 profiles were different. Pentanal, 

nonanal, pentadecane, octen-3-ol, and 2,2,4-trimethyl-1,3 pentene were the metabolites that 

most strongly associated with Day 1 and Day 10. Pentane, C16FAME, trichloromethane and 

acetaldehyde were associated with Day 17 and 20.  

 

Befo
re 

Trea
tm

en
t

Afte
r tr

ea
tm

en
t

A D
ay

 1

A D
ay

 10

A D
ay

 17

A D
ay

 20

B D
ay

 1

B D
ay

 10

B D
ay

 17

B D
ay

 20

C1 D
ay

 1

C1 D
ay

 10

C1 D
ay

 17

C1 D
ay

 20

C2 D
ay

 1

C2 D
ay

 10

C2 D
ay

 17

C2 D
ay

 20

C3 D
ay

 1

C3 D
ay

 10

C3 D
ay

 17

C3 D
ay

 20

Acetaldehyde
Pentane

n-Hexane
Trichloromethane
3-Methyl-Butanal
2-methyl butanal

Penten-3-ol
Pentanal

3-methyl butanenitrile
Hexanal

Ethylbenzene
Methoxyphenyl-Oxime

Benzaldehyde
Octen-3-ol

2,3-octanedione
2-Ethyl-hexanol

Benseneacetaldehyde
Nonanal

Tetradecane
Pentadecane

Phenol, 2,4,6-tris(1-me
2,2,4-Trimethyl-1,3-pent

Heptadecane
C16 FAME 0

20

40

60

80



 137 

 

Figure 5-10: Biplot of the principal component analysis (PCA) of identified volatile 
metabolites in fillets from HOGs treated with SGS and NEW/NEI and inoculated with S. 
baltica.  

 

Hexanal was the dominant metabolite (25%) on Days 1 and 10 in the salmon fillet that 

had been inoculated with S. baltica before pre-processing, followed by nonanal 9.8% and 9.9% 

on Days 1 and 10, respectively (Fig. 5-9). This result was in line with the PCA analysis that is 

shown in Fig. 5-10. The level of trichloromethane increased on Days 17 and 20. The same 

pattern also applied to the salmon fillets packaged in MAP that had been treated with NEW/NEI 

after inoculation with S. baltica (Fig. 5-11). 

N-hexane and pentadecane were the top two volatiles in fillets packed in MAP on Day 1 

and Day 10. For fillets inoculated with S. baltica and treated with TWI during pre-processing 

stage, the level of trichloromethane only increased by Day 17 (Fig. 5-11). Hexanal and 

trichloromethane were the two dominant metabolites in the fillets packed in MAP stored for 

one and ten days (Fig. 5-13). These fillets were stored in NEW/NEI with SGS during pre-

processing, but were not inoculated with S. baltica. The level of hexanal decreased over time, 
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while trichloromethane increased. Fig. 5-14 showed that the trichloromethane, pentadecane, 

and acetaldehyde were the metabolites most associated at Days 1, 10, 17 and 20. The level of 

trichloromethane increased over time and the levels of pentadecane and acetaldehyde 

decreased.  

 

 

Figure 5-11: Biplot of the principal component analysis (PCA) of identified volatile 
metabolites in fillets from HOGs treated in NEW/NEI and inoculated with S. baltica.  
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Figure 5-12:  Biplot of the principal component analysis (PCA) of identified volatile 
metabolites in fillets from HOGs stored in TWI during pre-processing.   

 

 

Figure 5-13: Biplot of the principal component analysis (PCA) of identified volatile 
metabolites in fillets from HOGs treated with SGS and NEW/NEI.  
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Figure 5-14: Biplot of the principal component analysis (PCA) of identified volatile 
metabolites in fillets from HOGs treated NEW/NEI. 
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Figure 5-15:  Total viable count (TVC) of aerobic bacteria of fresh salmon fillets packed in 
MAP, with pre-treatment as Control 1 (TWI+S. baltica), Control 2 (NEW/NEI), Control 3 
(NEW/NEI+SGS), A (NEW/NEI+S. baltica), B (NEW/NEI+SGS+S. baltica). Results 
represent mean and standard error with 95% confidence interval of triplicate samples. Different 
superscript denotes significant difference (p<0.05) in the mean of total viable count. 
 

5.3.3.3   Microbial communities   
 

The total valid sequence reads obtained in the salmon fillet in this Study was 6,968,507 

and 33 samples out of 34 samples passed the quality control. The diversity at OTU level of the 

salmon fillets packed in MAP is shown in Table 5-4. The microbial diversity richness of the 

salmon fillets was between 6 – 16 OTUs. The richness decreased over time, indicated by less 

OTUs at the final storage day compared to earlier storage days. The Shannon and Simpson 

index were also low at between 1.31 – 0.33 and 0.83 – 0.31, respectively. Photobacterium (49 

- 50.7%) and Shewanella (30 – 29%) were the two genera that dominated the community of 

HOGs before and after inoculation with S. baltica (Fig 5-16A).  
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Table 5-4: Diversity estimation of the 16S rRNA gene libraries by sequencing on an Illumina 
MiSeq platform in fresh Atlantic salmon fillets packed in MAP with different treatments in 
pre-processing stage.  

Treatment  Microbial richness 
(OTU’s) 

Shannon index Simpson index 

Day 10 
TWI+SB 14 0.69 0.46 
NEW/NEI 12 0.58 0.66 
NEW/NEI+SGS 13 0.44 0.76 
NEW/NEI+SGS+SB 16 0.50 0.74 
NEW/NEI+SB 12 0.71 0.65 
Day 17 
TWI+SB 9 0.85 0.49 
NEW/NEI 8 0.44 0.79 
NEW/NEI+SGS 8 0.91 0.63 
NEW/NEI+SGS+SB 8 1.20 0.37 
NEW/NEI+SB 7 0.33 0.83 
Day 20 
TWI+SB 8 0.91 0.45 
NEW/NEI 6 0.88 0.50 
NEW/NEI+SGS 9 0.67 0.67 
NEW/NEI+SGS+SB 8 1.21 0.36 
NEW/NEI+SB 6 1.31 0.31 

 
 

Shewanella was found in every fillet from HOGs with or without being inoculated with 

S. baltica. Fig. 5-16B shows that Photobacterium was the dominant organism of the microbial 

community of salmon fillets packaged in MAP and stored for 10 days, regardless of the 

treatment. Photobacterium angustum was present in every treatment group except for the 

treatment with TWI and S. baltica. When TWI was used at the pre-processing stage on HOGs 

that were inoculated with S. baltica, the abundance was > 10% on the salmon fillets packed in 

MAP and stored for 10 days. In contrast the treatment with SGS plus NEW/NEI resulted the 

presence of S. baltica which was < 0.5% on the salmon fillets packed in MAP and stored for 

10 days (Fig 5-16B).  

The relative abundance of Aliivibrio on Day 17 increased in salmon fillets stored with 

NEW/NEI, NEW/NEI plus SGS, NEW/NEI plus SGS and inoculated with S. baltica during 

the pre-processing stage by (Fig. 5-17A). S. baltica also increased in salmon fillets from HOGs 
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inoculated with S. baltica before the pre-treatment stage. Photobacterium was still the 

dominant microbial genus in Day 17 of storage. Although Photobacterium was also dominant 

at Day 20 of storage, Carnobacterium relative abundance increased in every treatment (Fig. 5-

17B). 

The pre-processing stage decreased the abundance of Clostridium, Janthinobacterium 

lividum, Psychrobacter, Psychrobacter pulmonis, and Psychromonas in the fresh Atlantic 

salmon fillets (Figs 5-18 – 5-19) to below detection level. In the salmon fillets from HOGs 

stored in TWI and inoculated with S. baltica, Carnobacterium started to appear at a detectable 

level (>0.8%) on Day 10 of storage. In contrast, Photobacterium angustum, which had been 

inhibited to a very low level (<0.5%), seemed to grow to enough abundance to be detected 

(3.9%) on Days 17 and 20 of storage.  

The microbial community succession at genera level is shown in Figs 5-18 – 5-19. The 

microbial succession of fillets of treatment A (NEW/NEI + S. baltica) (Fig 5-18A) shows only 

5 genera from 11 that the abundances were increased by the time. They were Aliivibrio, Bacilus 

cereus, Carnobacterium, Photobacterium and Shewanella. A similar trend also happened for 

fillets treated with treatment B (NEW/NEI + SGS + S. baltica). Overall, the NEW/NEI seems 

limiting the microbial succession of the fillets.  
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  A                                                                                    B                                                                    

  
 
 
Figure 5-16: Relative abundance of microbial community at genus level observed on before and after the HOGs inoculation with S. baltica (A), 
salmon fillets packed in MAP on Day 10 (B). Genera present at less than 0.5% were grouped together into category Other.  
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                                                    A                                                                                                B 
 

  
Figure 5-17: Relative abundance of microbial community at genus level observed on salmon fillets packed in MAP on Day 17 (A) and Day 20 (B). 
Genera present at less than 0.5% were grouped together into category Other.  
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Figure 5-18: Heat-map (threshold ³ 0.5%) of microbial community succession at genera level observed in the salmon fillets packed in MAP from 
HOGs stored in TWI and inoculated with S. baltica (A), NEW/NEI (B) and NEW/NEI+SGS (C). The change in relative abundance (%) within 
microbial community of each genera is shown by colour intensity. White indicates extremely low (>0.5%) abundance, light brown indicates very low 
(0.5 – 20%), brown indicates moderate (20 – 49%), dark brown indicates high (50 – 80%) and black indicates very high (81 – 100%).
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Figure 5-19: Heat-map (threshold ³ 0.5%) of microbial community succession at genera level observed in the salmon fillets packed in MAP from 
HOGs inoculated with S. baltica stored in NEW/NEI+SGS (A) and NEW/NEI (B). The change in relative abundance (%) within microbial 
community of each genera is shown by colour intensity. White indicates extremely low (>0.5%) abundance, light brown indicates very low (0.1 – 
20%), brown indicates moderate (20 – 49%), dark brown indicates high (50 – 80%) and black indicates very high (81 – 100%).
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5.4   Discussion  

Study 1 showed that the ORP in the ice slurry with SGS and no organic matter increased 

(Fig. 5-1) to 1014 mV at 72 hours, the FCC apparently increased 300% to 347 ppm (Fig. 5-2) 

and the pH of the ice slurry decreased from 7.4 to 5.4 (Fig. 5-3). As the pH value decreased the 

proportion of chlorine as HOCl in the ice slurry would rise and the ORP would therefore be 

expected to increase (Fukuzaki, 2006; Rahman et al., 2016). The FCC level may have increased 

because NaCl caused freeze concentration resulting in HOCl concentrate slowly being released 

from the ice crystals. Despite SGS addition improving the oxidising power of the treatment 

through pH control, the exact mechanism by which SGS raised the level of FCC is not known.  

For the challenge test (Study 2) a bacterial culture known to be adapted to growth on 

salmon under MAP conditions was needed.  While Pseudomonas, Shewanella and 

Photobacterium were the dominant genus of the microbial community of salmon fillets by PCR 

typing, only Shewanella was identified as isolates on HSPB after 10, 17, and 20 days storage.  

As Shewanella is a known producer of TMA and sulphide compounds it was deemed to be a 

suitable organism to ensure that the fresh fillets had a minimum consistent low level of 

microbial inoculation before packaging. Further work would be needed to develop better 

conditions for isolation and sub-culture Photobacterium for use as a challenge test.  

Study 2 showed that a concentration of 103 CFU/mL S. baltica in a dipping solution was 

enough to infect the fresh salmon fillets, as shown by the level of HSPB at 0 hours of 4.5 log 

CFU/g (Fig. 5-5). This concentration was therefore used in the larger scale Study 3 of efficacy.  

A combination of low temperature (-2° C – 1° C) and the use of sanitiser resulted in an 

inhibition of the growth of both aerobic bacteria and HSPB in the salmon fillets during pre-

processing storage. However, microbial growth increased significantly (p£ 0.05) during 7 days 

MAP storage in a cool room at 4° C. The additional seven days of storage at 4° C mimicked 

the storage condition of distribution and retail of salmon fillets. Therefore, this study showed 
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that having a low level of microbial load prior to storage, and maintaining a low temperature 

below 4° C, are crucial during storage, distribution and displaying fresh salmon fillets.  

In Study 3, a combination of carbonic acid and NEW/NEI and low temperature resulted 

in more stable chlorine oxidation properties in the ice slurry during pre-processing (Table 5-

2). On-site observation of actual industrial practice found that the ORP level was below +300 

mV and FCC were indicatively between 7.8 – 2 ppm after the pre-processing stage although 

on scrutiny this chlorine level was an artefact error. Studies in Chapter 4 showed that the ORP 

and FCC levels, after reaction with organic matter, were similar to the on-site industrial 

observation and too low to oxidatively inhibit the microbial growth during the pre-processing 

stage. When organic matter was present in Study 3 the SGS treatment after 3 days maintained 

the FCC and ORP levels at up to three times the level compared to when SGS treatment was 

not used (Table 5-2). From this result SGS could maintain the effectiveness of sanitation in the 

pre-processing stage, when HOGs are kept for two to five days in ice slurry before filleting and 

packaging. It is not known why the SGS treatment had this effect. It might be that the presence 

of SGS could stabilise the pH at optimum levels with lower degradation or less by-product 

reaction. Optimisation studied could be carried out by testing SGS at different SGS and NEI 

levels in different water temperatures to understand and maximise the protection of SGS and 

measure any effect it has on minimisation of trichloromethane by-product formation.  

None of the treatments in the pre-processing stage resulted in differences (p>0.05) of pH 

and colour of the fillets and the CO2 percentage in head-space of the package during storage 

(Table 5-3). This result was similar with the previous study (Chapter 4, Section 4.3.1) where 

the pH value was between 6.2 – 6.3 and the colour was at 28 (Roche Scale) at Day 20. Thus, 

the combination of SGS and NEW/NEI can be applied in the industrial practice since it would 

not have a negative effect on the colour as one of the important sensory properties.  
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Additional SGS in the pre-processing did not result in a higher CO2 level in the MAP 

during storage compared to the pre-processing stage without SGS (Table 5-3). The level of 

CO2 in the MAP of this Chapter is similar to that of Chapter 4 (Figs 4-5 – 4-6). This result is 

different from the work of Rotabakk et al. (2008) who found that SGS could significantly 

increase the CO2 content in the MAP. Rotabakk et al. (2008) used 200 and 400 kPa CO2 during 

1 – 2 hours of SGS treatment. CO2 gas and carbonic acid was formed at pH below 5 in CO2 

solution, and carbonic acid dissociates to form bicarbonate and hydrogen ion species at pH 

between 8 – 9.5 (Daniels, Krishnamurthi, & Rizvi, 1985). Daniels et al. (1985) conclude that 

the mechanism for movement of CO2 into cells starts when gaseous CO2 dissolves into liquid 

phase of the tissue and is then absorbed as carbonic acid. A further optimisation study on the 

effect SGS at different pH values and under pressured CO2 to increase the levels in salmon 

fillets packaged under MAP would help determine if elevated CO2 improved shelf life further.  

The VOCs analysis also showed that the VOCs profiles of Day 1 and Day 10 of storage 

were similar in all treatments. This implies that VOCs quality of Day 10 was as good as Day 

1. In Day 17, the freshness indicators such as hexanal, tridecane, pentadecane and 1-penten-3-

ol were present and decreased with time (Day 20). The VOCs analysis detected no TMA, which 

was also not found in the previous Study (Chapter 4, Section 4.3.4) (Figs 5-9 – 5.13). However, 

trichloromethane is one of the dominate VOCs in the salmon fillets packaged in MAP from 

HOGs which experienced treatment with NEW/NEI.  

Trihalomethane is an environmental pollutant which is considered carcinogenic and has 

become a serious concern for researchers, industry and regulatory agencies as the consequence 

of production from the use of chlorine (Gómez-López et al., 2013). The presence of 

trichloromethane in the VOC profiles raises a question of whether there is significant residue 

of THM’s in salmon fillets that would be need to be addressed by changing industry practices. 

The presence of trichloromethane may occur because of the chlorine decay reaction with 
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ammonia (Jafvert & Valentine, 1992; Qiang & Adams, 2004). Chlorine reaction first results in 

formation of chloramines, then conversion between mono, di- and trichloramine and lastly the 

conversion of chloramines into chloroform (trichloromethane) or other similar compounds. 

Four THM’s can be formed as a result of chlorination, they are: trichloromethane (chloroform), 

bromodichloromethane (BDCM), dibromochloromethane (DBCM), tribromomethane 

(bromoform) (Department of Environmental Service, 2006). Furthermore, Waters and Hung 

(2014) reported that trichloromethane, is the main trihalomethane (THMs) product which can 

result from a reaction between chlorine and organic compounds. Trichloromethane and a 

halogenated carboxylic acid are formed by hydroxide ions which react with trihaloketone 

(Rook, 1979). Although it can react with organic amines, Gómez-López et al. (2013) provided 

evidence that under controlled conditions EO water (4.4 mg L-1 free chlorine, pH 6.5, ORP 

814 mV) did not produce THMs during processing of baby spinach. However, regulation on 

DPBs limit including THMs is only applied for drinking water (D. Kim et al., 2015) and may 

not be directly transferable to interpret the health implication of finding it in fish for 

consumption as lower levels would be consumed. 

The VOCs analysis apparently also detected n-hexane as the dominate volatile in some 

samples but hexanal in others (Fig. 5-9). While N-hexane would not be expected, hexanal is a 

known oxidation product (Miks-Krajnik et al., 2016; Parlapani et al., 2015; Parlapani et al., 

2014; Wierda et al., 2006). The result may be due to different VOCs analysis methods and 

sample preparation processes. Miks-Krajnik et al. (2016) used 100 µm polydimethylsiloxane 

(PDMS) and the salmon portion was cooked at 50° C for 30 mins, while in the work of 

(Parlapani et al., 2015; Parlapani et al., 2014) they used the same SPME fibre as this study 

(DVB/CAR/PDMS 50/30 µm but a different cooking method (40° C for 15 mins).  Wierda et 

al. (2006) used CAR/PDMS 75 µm fibre and cooked the sample at 180° C for 15 mins. The 

result may be also due to error reading of the MS although the KI and NIST library agreed that 
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the compound found was n-hexane. Further work would be needed to clarify the identity and 

possible source of hexane in salmon fillets.  

Shewanella appears to be a natural SSO in the fresh Tasmanian fillets, as shown by its 

presence even before the HOGs were inoculated with the S. baltica (Figs 4-15 – 4.16). It was 

not known which species the Shewanella in the salmon fillets belonged to. Vogel et al. (2005) 

found that the genus Shewanella was the most important HSPB during storage at low 

temperature, while Skjerdal, Lorentzena, Trylandc, and Berg (2004) conclude that Shewanella 

putrefaciens was the main HSPB in fish stored aerobically and in chilled conditions. 

Shewanella is also the SSO of the salmon fillets in Norway (Møretrø et al., 2016). This Study 

result has shown that the presence of Shewanella could be monitored in the initial stages of 

processing and used to determine if consumers complaints of sulphide off-odour are associated 

with this species.  

It was shown that Photobacterium was the dominant organism regardless of the treatment 

and storage day (Figs 5.16 – 5.17). This was also shown in the previous study (Chapter 4, 

Section 4.3.5) where Photobacterium was present in the salmon fillets from HOGs originating 

from the Dover salmon farm. Photobacterium is known as one of the enterobacteria that is 

naturally occurring in a marine environment (Bauman & Bauman, 1977). It has a strong 

relationship between spoilage and presence in fish products (Dalgaard, Mejlholm, 

Christiansen, & Huss, 1997; Gram & Dalgaard, 2002; Kanki, Yoda, Ishibashi, & Tsukamoto, 

2004; Macé et al., 2012; Macé et al., 2013; Mejlholm & Dalgaard, 2002). Photobacterium 

phosphoreum was reported as the SSO in raw salmon (Macé et al., 2013). However, only 

Photobacterium angustum could be identified in this study. Photobacterium angustum has 

been reported  as very resistant to high UVB doses and able to repair the DNA through a 

photochemical process (Matallana-Surget, Douki, Cavicchioli, & Joux, 2009). The resistance 

to the anaerobic conditions and HOCl, however, is not well understood yet.   
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5.5   Conclusions 

A combination of NEW/NEI and SGS and low temperature can improve the pre-

processing stage by maintaining the chlorine oxidation properties, resulting in inhibition of the 

growth of Shewanella, as the SSO in the Atlantic salmon.  Photobacterium was the dominant 

microorganism during 20 days of MAP storage at 4° C but the VOCs analysis showed that the 

VOCs profile at Day 10 was as good as at Day 1 indicating little change in aroma quality. 

However, trichloromethane was a by-product of HOCl sanitation. Further studies are needed 

to check if a lower level of initial FCC could be coupled with SGS treatment or a non-chlorine 

sanitiser to reduce resulting levels of trichloromethane.  
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CHAPTER 6 Industrial application potential  
 

6.1   Industrial application recommendations 

Maintaining the quality of bulk fresh Atlantic salmon fillets over an extended shelf-life 

of up to 20 days will need a series of improved hurdle technologies that operate collectively to 

achieve the required result. The industry-imposed limitation was that any new technologies 

would have to be implementable within the existing process set-up. Current industrial practice 

for bulk salmon fillets processing is shown in Figure 1-2. Low temperature is the base 

mandatory hurdle for fish processing. It requires the product to be always held at low 

temperature of 0 – 4º C from harvesting to retail displaying. While HOG processing was done 

in the presence of ice-water, maintaining a lower temperature than 4º C during distribution is 

under the control of the carriers and changes to the existing practices of carriers distributing at 

4 º C would not be easy to implement.  The targeted stages that could be improved by the 

processing company to get the extended shelf-life of the fillets, within the limitation of current 

industrial processing operation, are the pre-processing and packaging steps. This study has 

provided knowledge to develop protocols that could be applied on an industrial scale without 

major changes to current equipment. Three options to develop protocols that can extended the 

shelf-life of the fillets are therefore proposed (Fig. 6.1). The industry would need to make 

suitable choices based on economic aspects and possible competitive advantages that might be 

gained in terms of guaranteed product quality. Further research at the industrial scale would 

also be needed to confirm research findings.  

 

 



 155 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-1: Fresh salmon fillets processing with proposed improvements (orange boxes). 
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6.1.1   Using NEW/NEI to replace freshwater ice and current sanitiser during pre-processing 

stage 

In the pre-processing stage, HOGs are held in an ice-slurry for two to five days for 

reversal of rigor. During the current pre-processing stage, the HOGs are stored in an initial 15 

ppm of chlorine, cold seawater and freshwater ice for two to five days to achieve relaxation of 

rigor mortis to be ready for machine filleting and deboning. The hypochlorite currently used 

for this step was found to rapidly lose its oxidative power and effectiveness as a sanitiser.  It is 

proposed to replace the use of a single shock dose of hypochlorite during the pre-processing 

stage with NEW and NEI, as the ice form of NEW, to achieve more continuous dosing of 

HOCl. Thus, consequently there should be a lower microbial load going into the packaging 

step to achieve an extended shelf-life.  

A minimum of 205 L of NEI concentrate (500 ppm FCC) would be needed to replace the 

cold seawater and fresh water ice with 100 ppm of NEW and NEI in the bulk container with 

the HOGs. The industry could calculate the volumetric need of NEW concentrate and NEI per 

day based on the above calculation and throughput of fish which varies by factory and season. 

In warmer months more ice is used to maintain an ice-slurry to the end of the pre-processing 

stage. 

 

6.1.2  Adding a wash stage after pre-processing  

Washing the HOGs with 100 ppm FCC of NEW after the pre-processing gave a greater 

reduction in microbial level on the skin (Fig. 3-2) compared to just using NEW/NEI during 

three days of ice-water immersion in the pre-processing stage (Fig. 3-4). This raised the 

potential to only use a 100 ppm FCC washing step of the HOGs prior to filleting as the 

improved microbial control measure. Although, 100 ppm of FCC of NEW was enough to 

inhibit the subsequent microbial growth on HOGs skin, the information on how often the wash 
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water should be changed to renew the FCC, or the economic and environmental impacts of 

always using fresh 100ppm FCC spray wash, were not determined. This information would be 

needed to calculate production demand and the costs for using NEW in the processing plant 

for industrial practice. 

 

6.1.3   Using a combination of SGS and NEW/NEI during pre-processing stage  

The combination of SGS improved the efficacy of the pre-processing stage by providing 

a level of dissolved CO2 and maintaining the pH and chlorine oxidation properties, resulting in 

inhibition of Shewanella inoculum going into the chilled MAP packaged Atlantic salmon 

fillets.  The level of HSPB in the fillets, after this treatment, was also below the detection limit 

(102 CFU/g) during storage for 20 days.  

The approaches to application of SGS also need to be developed for practical usage and 

tested in larger scale of industrial containers during pre-processing. In addition, the effect of 

improved SGS, such as pressurised CO2, during pre-processing on the level of CO2 in the flesh 

needs to be studied to show if SGS can pre-saturated the flesh with CO2 at low G/P ratio and 

possibly prevent package collapse by vacuum formation accompany CO2 adsorption during 

storage. Successful further development would increase the possible shelf-life and robustness 

of the process to the growth of any contaminating pathogens. However, the cost and labour 

efficiency are still the key factors that need to be addressed for the industry to adopt these 

methods.  

 

6.2   Issue for industrial application and future research  

6.2.1   Stability of NEW/NEI 

 The stability NEW and NEI was tested during storage, in reaction with seawater and in 

the presence of organic matter from fish processing. Results in Chapter 2 showed that the 
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oxidative potential of NEW, held as a concentrate solution was relatively stable during 60 days 

of storage in 25 L PE containers. However, it lost 50% of FCC and therefore it is recommended 

that it be used within 28 days of storage. It could be used within this time period by adjustment 

of dosage to result in a consistent level of initial FCC (Fig. 2-2). 

 

6.2.2   Industrial generation system for NEW/NEI 

Although both holding the HOGs in NEW/NEI and final washing in NEW could reduce 

the microbial load on HOGs, industrial implementation would need an installation for making 

EO water. NEW is made by a relatively compact electrolytic generator. The NEW generator is 

also automated, and therefore can be used to produce fresh sanitiser on the factory site to meet 

demand. However, where transportation to different sites or storage is required improvement 

to the design of containers might be needed to minimise off-gassing losses of chlorine or 

degradation effects from external light or ambient temperature. The study focus of this thesis 

was to develop a practical method for a larger scale pilot of investigation and larger industrial 

containers of NEW/NEI could not be used. Further research on stability of NEW/NEI over 

longer periods with larger 1000 L scale containers in controlled temperature and light storage 

would be desirable to provide better knowledge on the stability and efficacy of NEW/NEI at 

the industrial practice scale. 

An ELA 600 EO water generator produced by Envirolyte Industry International Ltd 

(Tallinn, Estonia), will cost the industry about $70,000 installed (Mason, 2017, Envirolyte 

Industry International Ltd, Brisbane QLD, Australia, personal communication). This machine 

could make NEW at 500 ppm of FCC and produce 6000 L per 10 hours operations (Envirolyte 

Industries International Ltd, 2009). Six thousand L NEW of 500 ppm of FCC would be needed 

for a daily throughput of 29 containers of HOGs filled with 1000 L of 100 ppm of FCC NEW 

and 10 – 15 kg of NEI (100 ppm). Additional cost will be incurred to have an ice machine that 
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can produce NEI. As NEW is yielded by mixing salt and water in the electrolytic cell, corrosion 

resistant material would be needed in the ice maker. Stainless steel has an outstanding corrosion 

resistance in acidified EO water (pH 2.42, ORP 1077 mV, FCC 50 ppm) and in NEW (pH 6, 

ORP 774 mV, FCC 50 ppm), but NEW is less corrosive than acidified EO water (Ayebah & 

Hung, 2005). A machine specified to make seawater ice should be suitable to use to ensure no 

corrosion of the machine components. However, actual tests on the use of a seawater ice 

machine for NEI would be desirable to reduce risk. 

 

6.2.3   Sanitiser by-product formation  

The presence of trihalomethanes (THMs) was seen in the VOC analysis of the headspace 

of fillet samples. The THM’s may have come from by-product reactions of chlorine and 

organic matter. Further more detailed study on the relationship between NEW FCC level and 

the effectiveness of the FCC microbial sanitation would be desirable to provide knowledge to 

minimise or prevent the formation of chlorinated compounds in the fillets. Various DBPs such 

as trihalomethanes (THMs), haloacetic acids (HAAs), and haloacetonitriles (HANs) have been 

found during seawater chlorination (Abdel-Wahab et al., 2010; D. Kim et al., 2015). However, 

there is only a very sparse literature on the uptake of chlorine from wash water by fisheries 

products. W.-F. Lin, Huang, Cornell, Lin, and Wei (1996) soaked fish cubes in various 

concentrations (40 – 400 ppm) of chlorine solution for 5 minutes. They showed that the fish 

cubes contained FCC with the level depending on the soaking concentration, but the authors 

did not attempt to determine any DBPs in the fish muscle.  The use of alternative non-chlorine 

sanitisers would also be possible to avoid the formation of chlorinated compounds. Peracetic 

acid or peroxyacetic acid (PAA), is peroxide of acetic acid (AA) which is a strong disinfectant 

that is widely use in food industry due having a wide spectrum of anti-microbial activity 

(Baldry, 1983; Kitis, 2003). AA is present before and after peracetic acid decomposition giving 
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the sanitiser potential to reduce microbial regrowth (Kitis, 2003). However, the higher cost of 

peracetic acid and optimisation of wash concentration would need to be assessed to define any 

benefits relative to using NEW and NEI.  

 

6.2.4   Understanding the impacts of processing procedures and fish sources on SSO and 

odour formation     

Despite the challenge inoculation S. baltica before SGS treatment Photobacterium was 

the dominant organism of the microbial community of salmon fillets packed in MAP and stored 

for 20 days, regardless of the treatment (Figs 5-16B – 5-17). Further study on the mechanism 

of how Photobacterium dominate the community will give a better knowledge of drivers of 

microbial succession in MAP. The VOCs analysis showed that the VOCs profile at Day 10 

was similar to that at Day 1 indicating little influence of any microbial growth that may have 

occurred. TMA was not found during 20 days of storage despite Photobacterium being a 

known TMA producer and the predominate SSO of fresh Atlantic salmon fillets bulk packed 

in MAP.  

The effects of a combination of improved sanitation and MAP hurdles on the microbial 

community and VOCs released from the product were also investigated to better understand 

the impacts of the hurdle steps on the resulting organoleptic effects. The results showed that 

the microbial community of two different sources of HOGs from different aquaculture sites 

were significantly different (Tables 4-9 – 4-10, Fig. 4-16). Microbial community profiles of 

packaged and stored fillets where HOGs were obtained from Dover, Tasmania showed that 

Photobacterium was the dominant microorganism genus of the community (Fig. 4-14). In 

contrast when HOGs were obtained from Macquarie Harbour Pseudomonas was the dominant 

microorganism of the community on fillets after 17 days at 4° C (Fig. 4-17). The microbial 
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community present on fillets therefore is influenced by the source of the fish and this, in turn 

influences the organoleptic properties through different VOC’s being present.  

Sulphide smell of fish fillets has been a source of customer complaints. The presence of 

a sulphide smell of fresh fillets from long stored samples (> 9 days) has been reported by the 

consumers during summer months (Lamb, TASSAL Ltd 2016, personal communication). 

During the period of these reports, the HOGs came from Macquarie Harbour. However, the 

results on Chapter 4 showed that the relative abundance of Shewanella, as a possible sulphide 

producing microorganism, was low (between 0.05 - 1.3%) after 10 - 17 days storage at 0° C 

and 4° C (Figs 4-15 - 4-16, 4-18). The results also showed that, with high relative abundances 

of Pseudomonas during storage (Figs 4-15 – 4-16, 4-18), the TMA and sulphide volatile were 

not found in VOCs analysis (Fig. 4-8). These findings indicate that, for well-controlled 

handling and temperature storage protocols, the sulphide and TMA odour will not be produced. 

 Further research, however, is needed to determine whether the microbial community, and 

therefore VOCs profile, from different sources of HOGs alters the shelf-life from a sensory 

acceptability perspective.  General applicability will need more research with at least two 

replications of experiments for each source of HOGs at different seasons and environmental 

conditions during the year.  Some of VOCs were produced exhibited an increasing level 

throughout storage, making the them promising candidate compounds for use as 

freshness/spoilage indicators. In these studies, carbon disulphide could be the spoilage 

indicator candidate as its level increased during storage, while Penten-3-ol could be the 

freshness indicator candidate as its level decreased during storage. These studies would give a 

better picture of the microbial succession and the volatiles produced during storage enabling 

improved standard operating procedures (SOP) to be developed to cover the varying production 

circumstances.  
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It was also noted that culture-dependent methods did not give an accurate picture of SSO 

microbial community of the fillets. In contrast to the standard culture technique result, the 

microbial community analysis showed that Photobacterium was the dominant genus of the 

unwashed fillets (Fig. 4-14) as well as dominant genus in two different sources of HOGs (Fig. 

4-16). Monitoring of the level of culturable organisms and possible pathogens cannot 

necessarily be relied on.  Procedures for understanding and controlling the growth of pathogens 

in the fillets should be developed considering the whole microbial community present rather 

than just culturable flora.  

 

6.2.5   Industry quality assessment methods  

Currently it is difficult for industry to relate sensory outcomes to processing methods 

in order to monitor and improve processes. The microbial community and VOCs analysis used 

in this research are presently too expensive for routine industrial application. Quality index 

method (QIM) is a tool to analyse the sensory aspect of fresh fish. Although it is objective and 

normally only applied to whole salmon, the method is quick and reliable (Hyldig & Green-

Petersen, 2005). A QIM for whole Atlantic salmon was developed by Sveinsdottir, Hyldig, 

Martinsdottir, Jørgensen, and Kristbergsson (2003), while a QIM for fish fillet was developed 

by (Bonilla, Sveinsdottir, & Martinsdottir, 2007). Those two references would be useful for 

developing a QIM approach for tracking quality changes of fresh salmon fillets during 

distribution. 

 

6.3  Conclusions  

This thesis expands understanding of the effects of a combination of novel sanitation 

methods during pre-processing and improved packaging condition on freshness indicators to 

extend the shelf-life of chilled fresh Atlantic salmon fillets. It has shown that improved 
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industrial processing of fresh Atlantic salmon fillets can extend shelf-life by 2-6 days when the 

fillets are held under MAP at chilled temperature less than 4° C.  Further investigation is needed 

to understand the economic implications of the proposed industrial applications, the impacts of 

different seasons, the source of HOGs and the processing methods on the resulting microbial 

community and robustness to growth of both spoilage microorganisms and pathogens. Future 

work should also examine the affects of the proposed industrial applications on the levels of 

sanitation by-products and the sensory impacts of the fish fillets as experienced by the 

consumers after purchase. 

The microbial community of two different sources of HOGs from different aquaculture 

sites were significantly different.  However, Photobacterium was the dominant organism of the 

microbial community of salmon fillets packed in MAP. Photobacterium is a marine organism 

and its occurrence as an inoculum contaminant may change as a function of salinity of the 

water used in aquaculture.  This could have implications for the types of VOC’s produced and 

the resulting sensory properties of stored salmon fillets. Research on the determination of the 

microbial community and impacts of the VOCs produced from different sources of HOGs, and 

the resulting changes in shelf-life from a sensory acceptability perspective, should be 

conducted. 
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Appendix A: Analysis of Bleach by Thiosulfate titration  
 
The aims of this analysis to determine free chlorine present in electrolysed water. The 
electrolysed water cannot be directly titrated against the standard sodium thiosulfate because 
the end point is virtually undetectable. The addition of Acidified KI in excess reacts with the 
CLO- to form I2, which then binds iodide then forming I3, tri-iodide, which is very soluble 
and appears brown in colour. The end point of the reaction describe above is also difficult to 
detect the solution is then titrated against sodium thiosulfate. As the colour disappears from the 
solution (brown to yellow), a starch indicator can be added. The starch can also bind with I2, 
the solution will remain blue until a stoichiometric amount of titrant has been added. 
 
Procedure:  
Step 1: Preparing a standard solution of potassium iodate (KIO3), 0.033 M 

a. Dried about 20 g of KIO3 at 210 °C for 2 hours  
b. Accurately weigh 0,7 g of dried KIO3 (make a note for exact weight) 
c. Put in volumetry flask and add aquadest to 100 mL 

 
Sample result and calculation (example):  
Mass of KIO3  = 0.715 g 
C (KIO3) = n/v  = m/M/V 
   = 0.715/214.0/0.100 
   = 0.0334 M 
 
Step 2: Preparing an approximately 0.2 M sodium thiosulfate solution   

 
a. Boil 250 mL of aquadest, put in the flask  
b. Add 7.963 g of anhydrous sodium thiosulfate 
c. Wait for two weeks before standardize against KIO3 

 
Note :  
MW of anhydrous sodium thiosulfate  = 158.11 g/mol 
MV of sodium thiosulfate pentahydrate  = 248.18 g/mol 
For 0.2 M we need 12.5 g of sodium thiosulfate pentahydrate, for 0.2 M solution form 
anhydrous form we need:  
(12.5 M x 158.11)/248.18 = 7.963 g 
 
 

 
Sample result and calculation (example):  
Mass of Na2S2O3  = 7.963 g 
C    = n/v  = m/M/V 
     = 7.963/158.11/0.250 
     = 0.201 M 

=0.1974 
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Step 3: Preparing the starch indicator   
a. Add 100 mL hot distilled water into 250 mL beaker glass 
b. Add 0.5 g of starch  
c. Stir and let it settle over night  
d. Decant the supernatant (use fresh) 

 
Step 4:  Standardize sodium thiosulfate solution against standard KIO3 solution  

a. Add 1 mL of sulphuric acid (concentrate) into 250 mL beaker glass  
b. Add 10 mL of KIO3 standard solution  
c. Add 1 g of KI  
d. Titration with 0.2 M of sodium thiosulfate until turn to pale yellow (make a note) 
e. Add 1 mL of a starch indicator  
f. Titration with sodium thiosulfate until colourless (make a note) 

Sample result and calculation (example):  
C (Iodate)   = 0.0334 M 
V (Iodate)   = 10 mL (pipette) 
V (Thiosulfate)  = 26.15 (titre) 
C (iodate) x V (iodate) = C (thiosulfate) x V(thiosulfate)/6 
                  0.0334 x 10 = C (thio) x 26.16/6 
                          C (thio) = 0.0334 x 10 x 6/26.15 
                                        = 0.076 M 

 
Step 5:  Preparing of the acidified KI solution  

a. Add 14 g of KI in 1000 mL of distilled water  
b. Add 40 mL of glacial acetic acid  

 
Step 6:  Free chlorine determination procedure  

a. Add 25 mL of E.O water (using analytical pipette) into 250 mL beaker glass 
b. Add 50 mL of acidified KI solution  
c. Titration using sodium thiosulfate until the solution turn to pale yellow  
d. Add 1 mL of starch indicator, it will turn to blue  
e. Titration using sodium thiosulfate until the solution turn to colourless (make a note) 

Sample result and calculation (example):  
 V (E.O. water)   = 25.00 mL 
 Titre (Thiosulfate) = 10.25 mL (example) 

C (E.O. water) x V (E.O. water) = C (thiosulfate) x V (thiosulfate) 
                     C (E.O. water) x 25 = 0.076 x 10.25 
                        C (E.O. water)      = 0.076 x 10.25/25 
      = 0.031M  
Concentration of original bleach would be 0.31 M (because of the 1:10 dilution) 
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 To change the expression the concentration of the hypochlorite ion in the chlorine 
water in other forms (mg/L) will need to use this formula below:  
 
C (ClO-) = n (ClO-)/V(ClO-) = n (ClO-)/M(ClO-) x 1 litre  
Mass in gram (ClO-)/L = C(ClO-) x M(ClO-) 
Note :  
M (ClO-) = 51.5 g/mol 
Mg (ClO-)/L = C(ClO-) x 51.5 x 1 (note that the mass now in mg) 
 
Then.  
 
mg (ClO-)/L = C(ClO-) x 51.5 x 1 
mg (ClO-)/L = 0.31 x 51.5 x 1 
mg (ClO-)/L = 1.59 mg/L (or ppm) 
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Appendix B: Sequences  

 
>3A1 
ACATGCAGTCGAGCGGCAGCGGGAAGATAGCTTGCTATCTTTGCCGGCGAGCGG
CGGACGGGTGAGTAATGCCTAGGGATCTGCCCAGTCGAGGGGGATAACAGTTGG
AAACGACTGCTAATACCGCATACGCCCTACGGGGGAAAGGAGGGGACCTTCGGG
CCTTCCGCGATTGGATGAACCTAGGTGGGATTAGCTAGTTGGTGAGGTAATGGCT
CACCAAGGCGACGATCCCTAGCTGTTCTGAGAGGATGATCAGCCACACTGGGAC
TGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATG
GGGGAAACCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTA
AAGCACTTTCAGTAGGGAGGAAAGGTAGCAGCTTAATACGCTGTTGCTGTGACG
TTACCTACAGAAGAAGGACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGG
AGGGTCCGAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTTG
TTAAGCGAGATGTGAAAGCCCCGGGCTCAACCTGGGAATTGCATTTCGAACTGG
CGAACTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCG
TAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGAC
GCTCAGGCACGAAAGCGTGGGGAGCACACAGG 
 
>3A2 
ATGCAGTCGAGCGGCAGCGGGAAGATAGCTTGCTATCTTTGCCGGCGAGCGGCG
GACGGGTGAGTAATGCCTAGGGATCTGCCCAGTCGAGGGGGATAACAGTTGGAA
ACGACTGCTAATACCGCATACGCCCTACGGGGGAAAGGAGGGGACCTTCGGGCC
TTCCGCGATTGGATGAACCTAGGTGGGATTAGCTAGTTGGTGAGGTAATGGCTCA
CCAAGGCGACGATCCCTAGCTGTTCTGAGAGGATGATCAGCCACACTGGGACTG
AGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGG
GGAAACCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTAAA
GCACTTTCAGTAGGGAGGAAAGGTAATAACTTAATACGTTATTACTGTGACGTTA
CCTACAGAAGAAGGACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGG
GTCCGAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTTGTTA
AGCGAGATGTGAAAGCCCCGGGCTCAACCTGGGAATTGCATTTCGAACTGGCGA
ACTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAG
AGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGACGCT
CAGGCACGAAAGCGTGGGGAGCAAAC 
 
>3A3 
ACATGCAAGTCGAGCGGCAGCGGGAAGATAGCTTGCTATCTTTGCCGGCGAGCG
GCGGACGGGTGAGTAATGCCTAGGGATCTGCCCAGTCGAGGGGGATAACAGTTG
GAAACGACTGCTAATACCGCATACGCCCTACGGGGGAAAGGAGGGGACCTTCGG
GCCTTCCGCGATTGGATGAACCTAGGTGGGATTAGCTAGTTGGTGAGGTAATGGC
TCACCAAGGCGACGATCCCTAGCTGTTCTGAGAGGATGATCAGCCACACTGGGA
CTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAAT
GGGGGAAACCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGT
AAAGCACTTTCAGTAGGGAGGAAAGGTAGCAGCTTAATACGCTGTTGCTGTGAC
GTTACCTACAGAAGAAGGACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACG
GAGGGTCCGAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTT
GTTAAGCGAGATGTGAAAGCCCCGGGCTCAACCTGGGAATTGCATTTCGAACTG
GCGAACTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGC
GTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGA
CGCTCAGGCAC 
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>3A4 
 
ATGCAAGTCGAGCGGCAGCGGGAAGATAGCTTGCTATCTTTGCCGGCGAGCGGC
GGACGGGTGAGTAATGCCTAGGGATCTGCCCAGTCGAGGGGGATAACAGTTGGA
AACGACTGCTAATACCGCATACGCCCTACGGGGGAAAGGAGGGGACCTTCGGGC
CTTCCGCGATTGGATGAACCTAGGTGGGATTAGCTAGTTGGTGAGGTAATGGCTC
ACCAAGGCGACGATCCCTAGCTGTTCTGAGAGGATGATCAGCCACACTGGGACT
GAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGG
GGGAAACCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTAA
AGCACTTTCAGTAGGGAGGAAAGGTAGCAGCTTAATACGCTGTTGCTGTGACGTT
ACCTACAGAAGAAGGACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAG
GGTCCGAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTTGTT
AAGCGAGATGTGAAAGCCCCGGGCTCAACCTGGGAATTGCATTTCGAACTGGCG
AACTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTA
GAGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGACGC
TCAGGCAC 
 
>3A5 
 
ACATGCAAGTCGAGCGGCAGCGGGAAGATAGCTTGCTATCTTTGCCGGCGAGCG
GCGGACGGGTGAGTAATGCCTAGGGATCTGCCCAGTCGAGGGGGATAACAGTTG
GAAACGACTGCTAATACCGCATACGCCCTACGGGGGAAAGGAGGGGACCTTCGG
GCCTTCCGCGATTGGATGAACCTAGGTGGGATTAGCTAGTTGGTGAGGTAATGGC
TCACCAAGGCGACGATCCCTAGCTGTTCTGAGAGGATGATCAGCCACACTGGGA
CTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAAT
GGGGGAAACCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGT
AAAGCACTTTCAGTAGGGAGGAAAGGTAGCAGCTTAATACGCTGTTGCTGTGAC
GTTACCTACAGAAGAAGGACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACG
GAGGGTCCGAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTT
GTTAAGCGAGATGTGAAAGCCCCGGGCTCAACCTGGGAATTGCATTTCGAACTG
GCGAACTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGC
GTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGA
CGCTCAGGCAC 
 
 
>3A6 
TGCAGTCGAGCGGCAGCGGGAAGATAGCTTGCTATCTTTGCCGGCGAGCGGCGG
ACGGGTGAGTAATGCCTAGGGATCTGCCCAGTCGAGGGGGATAACAGTTGGAAA
CGACTGCTAATACCGCATACGCCCTACGGGGGAAAGGAGGGGACCTTCGGGCCT
TCCGCGATTGGATGAACCTAGGTGGGATTAGCTAGTTGGTGAGGTAATGGCTCAC
CAAGGCGACGATCCCTAGCTGTTCTGAGAGGATGATCAGCCACACTGGGACTGA
GACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGG
GAAACCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTAAAG
CACTTTCAGTAGGGAGGAAAGGTAATAACTTAATACGTTATTACTGTGACGTTAC
CTACAGAAGAAGGACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGG
TCCGAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTTGTTAA
GCGAGATGTGAAAGCCCCGGGCTCAACCTGGGAATTGCATTTCGAACTGGCGAA
CTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGA
GATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGACGCTC
AGGCAC 
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>3A7 
TGCAGTCGAGCGGCAGCGGGAAGATAGCTTGCTATCTTTGCCGGCGAGCGGCGG
ACGGGTGAGTAATGCCTAGGGATCTGCCCAGTCGAGGGGGATAACAGTTGGAAA
CGACTGCTAATACCGCATACGCCCTACGGGGGAAAGGAGGGGACCTTCGGGCCT
TCCGCGATTGGATGAACCTAGGTGGGATTAGCTAGTTGGTGAGGTAATGGCTCAC
CAAGGCGACGATCCCTAGCTGTTCTGAGAGGATGATCAGCCACACTGGGACTGA
GACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGG
GAAACCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTAAAG
CACTTTCAGTAGGGAGGAAAGGTAATAACTTAATACGTTATTACTGTGACGTTAC
CTACAGAAGAAGGACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGG
TCCGAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTTGTTAA
GCGAGATGTGAAAGCCCCGGGCTCAACCTGGGAATTGCATTTCGAACTGGCGAA
CTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGA
GATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGACGCTC
AGGCAC 
 
>3A8 
GCAGCGGGAAGATAGCTTGCTATCTTTGCCGGCGAGCGGCGGACGGGTGAGTAA
TGCCTAGGGATCTGCCCAGTCGAGGGGGATAACAGTTGGAAACGACTGCTAATA
CCGCATACGCCCTACGGGGGAAAGGAGGGGACCTTCGGGCCTTCCGCGATTGGA
TGAACCTAGGTGGGATTAGCTAGTTGGTGAGGTAATGGCTCACCAAGGCGACGA
TCCCTAGCTGTTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCA
GACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGGGAAACCCTGAT
GCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTAAAGCACTTTCAGTA
GGGAGGAAAGGTAATAACTTAATACGTTATTACTGTGACGTTACCTACAGAAGA
AGGACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTCCGAGCGTT
AATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTTGTTAAGCGAGATGTG
AAAGCCCCGGGCTCAACCTGGGAATTGCATTTCGAACTGGCGAACTAGAGTCTT
GTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGG
AATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGACGCTCAGGCACG 
 
>3A9 
ACATGCAAGTCGAGCGGCAGCGGGAAGATAGCTTGCTATCTTTGCCGGCGAGCG
GCGGACGGGTGAGTAATGCCTAGGGATCTGCCCAGTCGAGGGGGATAACAGTTG
GAAACGACTGCTAATACCGCATACGCCCTACGGGGGAAAGGAGGGGACCTTCGG
GCCTTCCGCGATTGGATGAACCTAGGTGGGATTAGCTAGTTGGTGAGGTAATGGC
TCACCAAGGCGACGATCCCTAGCTGTTCTGAGAGGATGATCAGCCACACTGGGA
CTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAAT
GGGGGAAACCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGT
AAAGCACTTTCAGTAGGGAGGAAAGGTAGCAGCTTAATACGCTGTTGCTGTGAC
GTTACCTACAGAAGAAGGACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACG
GAGGGTCCGAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTT
GTTAAGCGAGATGTGAAAGCCCCGGGCTCAACCTGGGAATTGCATTTCGAACTG
GCGAACTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGC
GTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGA
CGCTCAGGCAC 
 
>3A10 
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ACATGCAAGTCGAGCGGCAGCGGGAAGATAGCTTGCTATCTTTGCCGGCGAGCG
GCGGACGGGTGAGTAATGCCTAGGGATCTGCCCAGTCGAGGGGGATAACAGTTG
GAAACGACTGCTAATACCGCATACGCCCTACGGGGGAAAGGAGGGGACCTTCGG
GCCTTCCGCGATTGGATGAACCTAGGTGGGATTAGCTAGTTGGTGAGGTAATGGC
TCACCAAGGCGACGATCCCTAGCTGTTCTGAGAGGATGATCAGCCACACTGGGA
CTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAAT
GGGGGAAACCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGT
AAAGCACTTTCAGTAGGGAGGAAAGGTAGCAGCTTAATACGCTGTTGCTGTGAC
GTTACCTACAGAAGAAGGACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACG
GAGGGTCCGAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTT
GTTAAGCGAGATGTGAAAGCCCCGGGCTCAACCTGGGAATTGCATTTCGAACTG
GCGAACTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGC
GTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGA
CGCTCAGGCACG 
 
>3A11 
ACATGCAAGTCGAGCGGCAGCGGGAAGATAGCTTGCTATCTTTGCCGGCGAGCG
GCGGACGGGTGAGTAATGCCTAGGGATCTGCCCAGTCGAGGGGGATAACAGTTG
GAAACGACTGCTAATACCGCATACGCCCTACGGGGGAAAGGAGGGGACCTTCGG
GCCTTCCGCGATTGGATGAACCTAGGTGGGATTAGCTAGTTGGTGAGGTAATGGC
TCACCAAGGCGACGATCCCTAGCTGTTCTGAGAGGATGATCAGCCACACTGGGA
CTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAAT
GGGGGAAACCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGT
AAAGCACTTTCAGTAGGGAGGAAAGGTAATAGCTTAATACGTTATTGCTGTGAC
GTTACCTACAGAAGAAGGACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACG
GAGGGTCCGAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTT
GTTAAGCGAGATGTGAAAGCCCCGGGCTCAACCTGGGAATTGCATTTCGAACTG
GCGAACTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGC
GTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGA
CGCTCAGGCAC 
 
 
>3A12 
 
CACATGCAAGTCGAGCGGCAGCGGGAAGATAGCTTGCTATCTTTGCCGGCGAGC
GGCGGACGGGTGAGTAATGCCTAGGGATCTGCCCAGTCGAGGGGGATAACAGTT
GGAAACGACTGCTAATACCGCATACGCCCTACGGGGGAAAGGAGGGGACCTTCG
GGCCTTCCGCGATTGGATGAACCTAGGTGGGATTAGCTAGTTGGTGAGGTAATG
GCTCACCAAGGCGACGATCCCTAGCTGTTCTGAGAGGATGATCAGCCACACTGG
GACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACA
ATGGGGGAAACCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTT
GTAAAGCACTTTCAGTAGGGAGGAAAGGTAATAGCTTAATACGCTGTTGCTGTG
ACGTTACCTACAGAAGAAGGACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATA
CGGAGGGTCCGAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGT
TTGTTAAGCGAGATGTGAAAGCCCCGGGCTCAACCTGGGAATTGCATTTCGAACT
GGCGAACTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATG
CGTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTG
ACGCTCAGGCACGAAAGCGTGGGGAGCAAACAGGA 
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>3A13 
ACATGCAAGTCGAGCGGCAGCGGGAAGATAGCTTGCTATCTTTGCCGGCGAGCG
GCGGACGGGTGAGTAATGCCTAGGGATCTGCCCAGTCGAGGGGGATAACAGTTG
GAAACGACTGCTAATACCGCATACGCCCTACGGGGGAAAGGAGGGGACCTTCGG
GCCTTCCGCGATTGGATGAACCTAGGTGGGATTAGCTAGTTGGTGAGGTAATGGC
TCACCAAGGCGACGATCCCTAGCTGTTCTGAGAGGATGATCAGCCACACTGGGA
CTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAAT
GGGGGAAACCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGT
AAAGCACTTTCAGTAGGGAGGAAAGGTAGCAGCTTAATACGCTGTTGCTGTGAC
GTTACCTACAGAAGAAGGACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACG
GAGGGTCCGAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTT
GTTAAGCGAGATGTGAAAGCCCCGGGCTCAACCTGGGAATTGCATTTCGAACTG
GCGAACTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGC
GTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGA
CGCTCAGGCACGAAAGCGTGGGGAGCAC 
 
 
>3A14 
TGCAAGTCGAGCGGCAGCGGGAAGATAGCTTGCTATCTTTGCCGGCGAGCGGCG
GACGGGTGAGTAATGCCTAGGGATCTGCCCAGTCGAGGGGGATAACAGTTGGAA
ACGACTGCTAATACCGCATACGCCCTACGGGGGAAAGGAGGGGACCTTCGGGCC
TTCCGCGATTGGATGAACCTAGGTGGGATTAGCTAGTTGGTGAGGTAATGGCTCA
CCAAGGCGACGATCCCTAGCTGTTCTGAGAGGATGATCAGCCACACTGGGACTG
AGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGG
GGAAACCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTAAA
GCACTTTCAGTAGGGAGGAAAGGTAGCAGCTTAATACGCTGTTGCTGTGACGTTA
CCTACAGAAGAAGGACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGG
GTCCGAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTTGTTA
AGCGAGATGTGAAAGCCCCGGGCTCAACCTGGGAATTGCATTTCGAACTGGCGA
ACTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAG
AGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGACGCT
CAGGCACGAAAGCGTGGGG 
 
>3A15 
 
CATGCAGTCGAGCGGCAGCGGGAAGATAGCTTGCTATCTTTGCCGGCGAGCGGC
GGACGGGTGAGTAATGCCTAGGGATCTGCCCAGTCGAGGGGGATAACAGTTGGA
AACGACTGCTAATACCGCATACGCCCTACGGGGGAAAGGAGGGGACCTTCGGGC
CTTCCGCGATTGGATGAACCTAGGTGGGATTAGCTAGTTGGTGAGGTAATGGCTC
ACCAAGGCGACGATCCCTAGCTGTTCTGAGAGGATGATCAGCCACACTGGGACT
GAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGG
GGGAAACCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTAA
AGCACTTTCAGTAGGGAGGAAAGGTAATAGCTTAATACGCTGTTGCTGTGACGTT
ACCTACAGAAGAAGGACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAG
GGTCCGAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTTGTT
AAGCGAGATGTGAAAGCCCCGGGCTCAACCTGGGAATTGCATTTCGAACTGGCG
AACTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTA
GAGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGACGC
TCAGGCAC 
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Abstract Electrolysed oxidising water (E.O. water) is
produced by electrolysis of sodium chloride to yield pri-

marily chlorine based oxidising products. At neutral pH

this results in hypochlorous acid in the un-protonated form
which has the greatest oxidising potential and ability to

penetrate microbial cell walls to disrupt the cell mem-

branes. E.O. water has been shown to be an effective
method to reduce microbial contamination on food pro-

cessing surfaces. The efficacy of E.O. water against

pathogenic bacteria such as Listeria monocytogenes,
Escherichia coli and Vibrio parahaemolyticus has also

been extensively confirmed in growth studies of bacteria in

culture where the sanitising agent can have direct contact
with the bacteria. However it can only lower, but not

eliminate, bacteria on processed seafoods. More research is

required to understand and optimise the impacts of E.O.
pre-treatment sanitation processes on subsequent microbial

growth, shelf life, sensory and safety outcomes for pack-

aged seafood products.

Keywords Electrolysed oxidising water ! Shelf-life !
Seafood products

Introduction

Food in general and seafood specifically contains high

levels of nutrients such as protein, fats, and iron that sup-
port the growth of microorganisms resulting in spoilage

and shortened shelf-life. The origins of the microbial

contamination in fish are from the resident microbial flora
associated with fish skin, intestinal content and gills, and

from equipment surfaces and workers during processing

(Cahill 1990; Gram and Huss 1996). There is a high pos-
sibility that contamination also comes from aerial sources

in the food processing plants (Prendergast et al. 2004). The

contamination initiates resulting microbiological spoilage
of seafood products during storage causing off-odours, off-

flavours, slime and discolouration (Gram and Huss 1996).

Thus sanitisers are needed by the industry to control pre-
packaging contamination by microorganisms to minimise

the spoilage of products and maintain their safety and

quality.
E.O. water, also known as electrolysed water, was first

introduced into the market in Japan around 1980 as sani-
tation water stored in an automatic dispenser [Iseki et al.

(2002) in Al-Haq et al. (2005)]. However, E.O. water was

demonstrated earlier when Emswiler et al. (1976) found
that chlorine water produced by the electrolysis of brine

significantly reduced microbial numbers on beef carcases.

E.O. water has therefore been the subject of research
because it has effective bactericidal activity with minimal

residual impact on the products. Many researchers have

studied this technology since 1980 (Al-Haq et al. 2005;
Huang et al. 2008; Issa-Zacharia et al. 2010) with it gaining

increasing acceptance as an alternative and effective

sanitiser.
As a sanitising agent, hypochlorous acid (HOCl) in the

E.O. water effectively inactivates both pathogenic and
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spoilage bacteria through oxidative damage to cell mem-

branes (Wholey 2012). In vitro E.O. water studies on cell
suspensions of bacteria and bacteria in biofilms have shown

good results in their ability to kill food pathogens and

spoilage organisms such as Listeria monocytogenes,
Escherichia coli, Salmonella spp., Vibrio parahaemolyti-

cus, and Pseudomonas spp. (Kim et al. 2001; Ovissipour

et al. 2015; Rahman et al. 2010). Research on the efficacy
of E.O. water against those bacteria contaminating various

food products has also shown excellent results in sup-
pressing microbial contamination (Huang et al. 2006a; Kim

and Hung 2012; Park et al. 2001; Pinto et al. 2015; Rahman

et al. 2010; Shiroodi et al. 2016).
E.O. water in neutralised form has low corrosion

potential. Corrosion on food-contact equipment surfaces

can result in the formation of pits and cracks that become
places for microorganisms to grow (Ayebah and Hung

2005). Ayebah and Hung (2005) showed that E.O. water

did not cause a significant loss in weight for the stainless
steel, aluminium and copper, but had significant impact on

carbon steel. However, carbon steel is not commonly used

in seafood processing plants due to its susceptibility to
chloride corrosion.

Chlorine-based sanitisers have been the most commonly

used system in the fish industry due to their low-cost and
broad-spectrum bactericidal activity (ANZFA 2001; Eifert

and Sanglay 2002) although peracetic acid formulations are

also being applied. In practice chlorine-based and peracetic
acid sanitisers come as highly concentrated chemical

solutions which need to be diluted before use. This intro-

duces health and safety issues in storage and application.
E.O. water has gained uptake in food applications due to

convenience for use in factories as well as its low corrosion

potential. Additionally it improves safety for workers
because it is manufactured in situ in a dilute form which

lowers the risk of employee injuries from concentrated

chemicals (Dickerson 2009). Commercial E.O. water
generators that automatically produce hypochlorous acid

sanitiser electrolytically from sodium chloride (NaCl) in

aqueous solution have become widely available for use in
the food industry.

The main issue for seafood producers is maintaining

product quality and safety and having sufficient shelf-life
for distribution and retail. E.O. water has been studied

extensively for its bactericidal effects on seafood products

(Huang et al. 2006b; Wang et al. 2014, 2015; Zhang et al.
2015). However, knowledge about the impact of E.O. water

pre-treatment on the microbial ecology of stored seafood

products is not well documented. This information is
important as optimising the reduction in initial microbial

contamination and influencing the type of microbial flora

that grow on the seafood products influences the shelf-life
as well as product safety and quality.

This review discusses the mechanisms and the applica-

bility of E.O. water for extending the shelf-life of seafood
products. The results of prior research are assessed and the

impacts of properties such as oxidation–reduction potential

(ORP), the changes in active chemical form of the chlorine
as a function of pH and the efficacy of sanitation pre-

treatments on the resultant quality of stored product are

considered.

Principles of production and chemistry
of electrolysed water

E.O. water is produced by passing a saline solution (NaCl

dissolved in H2O) into a cell chamber containing an anode

and a cathode which are normally separated by a mem-
brane or diaphragm (Al-Haq et al. 2005; Huang et al. 2008;

Rahman et al. 2016; Walker et al. 2005) as shown in Fig. 1.

There are three types of electrolysed water based on pH
which is governed by where in the system the water is

collected from (Al-Haq et al. 2005; Ayebah and Hung

2005). Firstly, acidic electrolysed water (AEW), also
known as electrolysed oxidising water (E.O. water), is

collected from the anode side. Secondly, alkaline elec-

trolysed water (AlEW), also known as electrolysed reduc-
ing water (E.R water), is collected from the cathode side

(Al-Haq et al. 2005; Botanical Food Company Pty Ltd

2014). Neutralised electrolysed water (NEW) is made by
mixing the E.O. and E.R water to the required pH. How-

ever, different terms have been used to define E.O. water

such as acidic/slightly acidic electrolysed water (AEW/

Cl- 
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Fig. 1 Schematics of E.O. water generation and produced
compounds
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SAEW) (Xie et al. 2012; Zhang et al. 2015). It is also

called low concentration electrolysed water (LcEW)
(Rahman et al. 2010). In this paper E.O. water refers to

neutralised or slightly acidic E.O. water unless otherwise

stated.
Free chlorine is produced by the anode side, whereas the

cathode side produces hydroxyl ions (OH-). These migrate

from the cathode to produce sodium hypochlorite (NaOCl)
as shown in Fig. 2.

AEW usually has a low pH (2.3–2.7), high dissolved
oxygen, high ORP (ORP,[?1000 mV) and an available

chlorine content (ACC). E.O. water has strong bactericidal

effects on pathogenic bacteria such as L. monocytogenes,
E. coli, and V. parahaemoliticus, that occur in seafood

products (Huang et al. 2006a; Ozer and Demirci 2006;

Shiroodi et al. 2016; Xie et al. 2012; Yu et al. 2014). The
bactericidal action is due to the high oxidation potential

from chlorine and hypochlorous acid (HOCl) in the water

that degrades the integrity of cell membranes. The bacterial
cell membrane can then break due to osmotic forces

(Fukuzaki 2006, Powitz 2010).

The cathode produces E.R water as about 10% v/v by-
product of NEW or SAEW production. E.R water contains

OH-, hydrogen peroxide radical (H2O2
-) and hydroxyl

radicals (HO-) (Al-Haq et al. 2005). As E.R water has an
alkaline pH (10.0–11.5), high dissolved oxygen and low

ORP (-800 to -900 mV), it can be used as an aid for

cleaning equipment and surfaces. The alkaline pH removes
dirt and grease due to fatty acid soap formation (Hsu 2005;

Huang et al. 2006a). E.R water at high pH induces charges

in organic molecules creating repulsion from surfaces of
particles thus also causing dirt to be suspended in water

(Powitz 2010).

Relation between ORP, pH, ACC
and antimicrobial properties

The level of ORP in the solution is as an indicator of its

ability to oxidise or reduce chemical compounds. Solutions
with higher values of ORP have greater oxidising strength

compared to weak ORP solutions (Jay et al. 2005). Jay

et al. (2005) stated that the optimal ORP value for aerobic
microorganisms growth is ?200 to ?800 mV, while

anaerobic microorganism prefer -30 to -550 mV to grow,

and most facultative anaerobes optimally grow between
?200 and -200 mV. For this reason E.O. water is an

effective sanitiser against microorganisms because E.O.

water has an ORP in range of ?900 to [1000 mV
depending on concentration and the species of chlorine

present.

Len et al. (2002) proved that ORP, ACC and pH influ-
ence the efficacy of E.O. water. The ACC refers to the

amount of active chlorine such as chlorine gas (Cl2), HOCl
and hypochlorite ions (-OCl) in the E.O. water. Each of the

parameters plays an important role in determining the

ability of E.O. water to sanitise (Cao et al. 2009; Len et al.
2002; Phuvasate and Su 2010; Xie et al. 2012). pH deter-

mines the ratio of the chlorine compounds which vary in

their reactive chemistry, and thus influences the efficacy of
E.O. water (Cao et al. 2009; Rahman et al. 2016). A high

pH will form predominately hypochlorite ions (-OCl)

while nearly neutral pH will produce HOCl and a low pH
will form Cl2. (see Fig. 3) (Fukuzaki 2006; Rahman et al.

2016). A low pH can cause the loss of activity through off-

gassing and degradation of free chlorine (Waters and Hung
2014).

Chlorine-based sanitisers that are widely used in the fish

processing industry include calcium hypochlorite
[Ca(ClO)2] (granular or powdered form) and sodium

hypochlorite (NaClO) (liquid form) (Codex Alimentarius

Commission 2000; FAO 2008). Calcium hypochlorite and
sodium hypochlorite have hypochlorite ions (-OCl) while

the major active antimicrobial and sporicidal agent in

neutralised E.O. water is HOCl. HOCl is the strongest
oxidant due to its higher ORP and has 80 times more

antimicrobial activity compared to -OCl (Cao et al. 2009).

As a result HOCl is the main bactericidal agent in aqueous
chlorine solutions (Codex Alimentarius Commission 2000;

FAO 2008). Bacteria can be killed by high oxidising

potentials that impact adenosine triphosphate (ATP) pro-
duction through membrane rupture disturbing electron flow

and creating disruption in cellular metabolic processes

(Liao et al. 2007; McPherson 1993). HOCl is protonated
allowing it to passively diffuse through the cell wall to

penetrate the microbial lipid bilayer (Fig. 4) causing

oxidative damage. In contrast ionized hypochlorite (-OCl)
can only react with the cell wall (Fukuzaki 2006; Huang

et al. 2008).

Advantages and disadvantages of electrolysed
water

E.O. water has been used widely in various sectors such as

the food and medical industries due to being regarded as
safe, environmentally friendly, low-cost and easilyFig. 2 The reaction producing sodium hypochlorite
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implementable (Al-Haq et al. 2005; Ayebah and Hung

2005; Huang et al. 2008; Powitz 2010; Walker et al. 2005).

The ability for on-site production is the main advantage of
E.O. water. This enhances the practicalities of seafood

treatment under commercial operation. According to Rah-

man et al. (2016) in Japan the sushi industry has been able
to reduce their expenses by millions of dollars by washing

raw fish with E.O. water. This is one example of com-

mercial application of E.O. water where any impact on
seafood taste would be critical. Furthermore, as it can be

produced on-site there is a reduced risk of chemical

exposure to skin during transport, storage and handling of
the chlorinated compounds (Rajeshwar and Ibanez 1997).

E.O. water, as applied to food, has shown no adverse

effects to humans or the environment (Al-Haq et al. 2005).
It is not corrosive to the skin and mucous membranes, as it

is produced at a low active concentration (Colangelo et al.

2015; Huang et al. 2008), and at a pH close to neutral
where there is a low concentration of free chlorine [Ven-

turini (2013) in Colangelo et al. (2015)]. E.O. water also
becomes deactivated when it reacts with organic matter and

can be diluted with tap water, or removed by reverse

osmosis (RO) water (Huang et al. 2008). Chlorine com-

pounds can react with nitrogen groups in organic matter,

which affects its bactericidal activity (Al-Holy and Rasco
2015). Chloroform is the main trihalomethane (THM)

product which can result from a reaction between chlorine

and organic compounds (Waters and Hung 2014). Tri-
halomethane is an environmental pollutant which is con-

sidered carcinogenic and has become a serious concern for

researchers, industry and regulatory agencies as the con-
sequence of production from the use of chlorine (Gómez-

López et al. 2013). Chloroform and a halogenated car-

boxylic acid are formed by hydroxide ions which react with
trihaloketone (Rook 1979). Although it can react with

organic amines Gómez-López et al. (2013) provided evi-

dence that under controlled conditions E.O. water (4.4 mg/l
free chlorine, pH 6.5, ORP 814 mV) did not produce tri-

halomethane (THMs) during processing of baby spinach.

In addition, E.O. water has low chemical impacts on the
environment because it only uses low levels of salt solution

with no other added chemical compounds (Kim et al.
2000).

Fig. 3 The forms and activity of chlorine as a function of pH

Cell wall 

Mitochondrion 

-OH 

DNA 

HOCl can penetrate   

Ionised molecule  
(-OCl) unable to 

penetrate  

Plasma membraneFig. 4 Hypochlorous action to
break the microbial cell
membrane

1324 J Food Sci Technol (April 2017) 54(5):1321–1332

123

Author's personal copy



Electrolysed water is also cost-effective (Al-Haq et al.

2005; Ayebah and Hung 2005; Walker et al. 2005). After
capital costs for initial installation, the operating expenses

for automated plants are only for maintenance, water, salt

and electricity. It is possible to make a financial return on
investment in 1 year compared to the cost of alternatives

(Powitz 2010; Walker et al. 2005).

HOCl, produced by E.O. water generation has been
approved by regulatory authorities for use as a sanitiser in

the food industry. It also has been considered as an organic
treatment. In 2015 the Botanical Food Company Pty Ltd

submitted a petition to include HOCl produced by the

electrochemical activation of sodium chloride and water to
the USDA National Organic Program (Botanical Food

Company Pty Ltd 2014). Technical information from the

petition argued that HOCl does not exist without the
presence of hypochlorite ions (OCl-), therefore HOCl

produced by the electrochemical activation of water and

salt solution should be put alongside sodium and calcium
hypochlorite as an approved organic status chlorine mate-

rial on the USDA Organic list.

In seafood processing, chlorine-based compounds are
mainly used as disinfectants/sanitisers before packaging

and distribution. Its use on the edible portions of fish and

shellfish is limited (FAO 2008). The recommendations
allow up to 200 mg/l chlorine in water for washing of

slaughtered fish pre-processing with an exposure time of up

to 8 h if transport is needed (FAO 2008). However, there
are diverse opinions and regulations across different

countries on the application of E.O. water as a sanitising

agent. European Union (EU) regulations do not allow
chlorine-based compound in water on meat and fish prod-

ucts due to the potential for toxic residues from chlorine by

products (Codex Alimentarius Commission 2000).
Regardless, many companies internationally, including

Envirolite", EAU Technologies Inc. and Viking PureTM,

have recognised the market for E.O. water and are pro-
ducing E.O. water generators.

The use of E.O. water has some drawbacks. One of the

concerns around using E.O. water in fish processing is the
rapidity of the reaction of HOCl with organic and inorganic

compounds. The reaction with organic compounds such as

protein will reduce its effectiveness (Al-Holy and Rasco
2015). Furthermore, an electrophilic reaction of HOCl with

inorganic substances activates aromatics, reduces sulphur

and causes a reaction with amines (Deborde and von Gunten
2008). This could become a problem for the industry due to

the production of a chlorine-like off odour. Another draw-

back is that HOCl is only stable for days within a certain
range of pH values (Fig. 3). HOCl outside of this pH range

results in the loss of free chlorine (OCl-, HOCl, Cl2 and

chloramine compounds) (Waters and Hung 2014).

The inactivation of spoilage microbes in seafood
products

Spoilage is a heterogeneous process as it involves numer-

ous bacterial communities (Chaillou et al. 2015). The

spoilage process in fish starts with autolytic degradation
followed by microbial activity producing off odours and

flavours (Gram and Huss 1996). Seafood products deteri-

orate rapidly through microbial growth. Even though many
microorganisms occur in seafood post-harvest only specific

spoilage organisms (SSO) are responsible for the degra-

dation and limitation of shelf life (Gram and Huss 1996).
Bacteria such as Pseudomonas spp., Acinetobacter, Mo-

raxella, Flavobacterium, Shewanella, Alcaligenes, Vibrio

and coliform are the main spoilage bacteria reported in fish,
since these bacteria dominate in temperate water fish

(Gram and Huss 1996; Ray and Bhunia 2008). To maintain

the quality and freshness of products, and to improve shelf
life, growth of the SSO must be controlled.

One of the existing mechanisms for control of microbial

growth in the seafood industry is modified atmosphere
packaging (MAP). MAP is a preservation technique in

seafood processing that is known to prolong the shelf-life
of products by inhibiting microbial growth. Carbon dioxide

(CO2) and nitrogen (N2) are the most common gases used

in MAP for seafood products (Sivertsvik et al. 2002). CO2

in MAP has bacteriostatic and fungistatic properties and

inhibits bacterial growth (Sivertsvik et al. 2002). However,

MAP only suppresses growth and therefore it is essential
that products have a low level of microorganisms before

packaging. This is usually achieved through the use of

cleaning processing and sanitisers.
Many types of bacteria may contaminate the seafood

products during processing. The spoilage bacteria found in

fish packed both in aerobic and in modified atmospheres
are well documented. In fish packed in modified atmo-

sphere, Photobacterium and lactic acid bacteria are repor-

ted to be the primary bacteria that are responsible for
spoilage. In aerobically packed fish the main spoilage

bacteria come from the genera Pseudomonas and She-

wanella (Dalgaard et al. 1993; Emborg et al. 2002; Gram
and Huss 1996). Furthermore, water-borne bacteria that

belong to the genera Flavobacterium, Chryseobacterium

and Photobacterium are the core community of seafood
bacteria (Chaillou et al. 2015). In their study of food

microbiomes, Chaillou et al. (2015) also stated that there is

a noticeable difference in the seafood-specific cluster
between the salmon-fillet specific bacteria which has less

bacteria assigned to the genera Shewanella, Phychrobacter

and Arthrobacter than the cod-fillet-specific cluster. The
core microbial communities that exist in chilled seafood

products are from the very specific group of psychrotrophic
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bacteria that come from water reservoirs. In addition,

Møretrø et al. (2016) identified that specific spoilage
organisms during pre-rigor processing of salmon are from

the genera Pseudomonas, Shewanella and Photobacterium.

Knowledge of the bacterial types that occur in packaged
seafood products allows directed testing of sanitation and

control methods to inactivate the inoculum of targeted

microorganisms.
Studies by Powell and Tamplin (2012) and Milne and

Powell (2014) observed no Photobacterium spp. including
the specific spoilage organisms Photobacterium phospho-

reum, in Atlantic salmon (Salmo salar) fillets from Tas-

mania packed in a modified atmosphere. Powell and
Tamplin (2012) used culture-based and DNA-based tech-

niques to study microbial communities in Atlantic salmon

fillet and reported that, after 15 days, Shewanella spp.
dominated the community. Milne and Powell (2014) used

psychrotropic and mesophilic plate counts and molecular

techniques to study the limited microbial growth in fresh
chilled Atlantic salmon under a modified atmosphere

packaging protocol (96%CO2, 5:1 product gas ratio and

stored for 38 days in less than 1 #C).
The main factors that influence shelf-life of MAP

products are initial microbial load, temperature, gas mix-

ture and the ratio of MAP gas to product (G/P). In contrast
E.O. water is much more effective in reducing spoilage

bacteria on seafood although all prior reports (Table 1) use

acidified E.O. water (AEW) of low (\2.7) pH where dis-
solved chlorine will predominate in concentration over

hypochlorous acid. Research on the efficacy of E.O. water

against spoilage bacteria such as histamine-producing
bacteria (HPB) (Enterobacter aerogenes, Enterobacter

cloacae, Klebsiella pneumoniae, Morganella morganii and

Proteus hauseri) on Atlantic salmon and yellow fin tuna
skin, showed that soaking the fish skin in E.O. water

(100 ppm chlorine for 120 min) reduced E. aerogenes and

M. morganii populations by 1.3 and 2.2 log CFU/cm2,
respectively (Phuvasate and Su 2010). E. cloacae, K.

pneumonia, P. hauseri were not able to survive 120 min of

soaking in E.O. water containing 50 ppm chlorine.
McCarthy and Burkhardt-III (2012) carried out research

on the efficacy of E.O. water (50 ppm chlorine) against M.

morganii biofilms on mahi–mahi surfaces and L. monocy-
togenes biofilms on salmon surfaces. Their results showed

that E.O. water reduced the number of M. morganii and L.

monocytogenes from 4.02 to 2.48 log10 CFU/g and from
4.47 to 2.33 log10 CFU/g, respectively in the same day that

samples were inoculated with bacteria. However, the effi-

cacy of the E.O. water was lost by the following day as theM.
morganii and L. monocytogenes populations increased

again.Organic compounds in the fish flesh could be the factor

that reduced the efficacy of the E.O. water (Liu et al. 2006).

The inactivation of pathogenic bacteria in seafood
products

Food safety is a particular area of concern in the production

of seafood products after its quality. Novotny et al. (2004)

listed 10 pathogenic bacteria that are associated with fish
and fish products, namely, V. parahaemolyticus, Vibrio

cholerae, E. coli, Aeromonas spp., Salmonella spp., Sta-

phylococcus aureus, L. monocytogenes, Clostridium botu-
linum, Clostridium perfringens and Campylobacter jejuni.

To avoid the presence of pathogenic bacteria in food, safe

practises must be used during the production process. E.O.
waters with different pH, ORP and free chlorine concen-

trations have been tested extensively over decades for

ability to reduce microbial numbers, especially of patho-
genic bacteria in seafood products (Huang et al. 2006a, b;

Ozer and Demirci 2006; Phuvasate and Su 2010; Shiroodi

et al. 2016; Xie et al. 2012) (Table 1).
E.O. water (pH 2.7, ORP 1.150 mV, free chlorine

60 ppm) was also used to inactivate 6 log10 CFU/g L.

monocytogenes in cold-smoke salmon fillets (Shiroodi
et al. 2016). The result showed that salmon fillet immersed

in E.O. water for 10 min at 40 #C in a pre-treatment stage,
reduced the L. monocytogenes population by 2.9 log10 -

CFU/g. This research indicates that 10 min is the minimum

time to inactivate L. monocytogenes populations in fish
fillets using. E.O. water. Even though it might be expected

that a long treatment time may have significant impacts on

sensory properties, the research indicated no significant
changes in sensory and textural properties compare to

control fillets.

Although the studies on E.O. water efficacy against
pathogenic and aerobic bacteria are well documented,

knowledge on the efficacy of E.O. water against specific

spoilage organisms (SSO), particularly psychrotrophic and
lactic acid-producing bacteria, and its impact on subse-

quent growth patterns in seafood products is insufficient to

optimise its application.

Efficacy of E.O. ice

In seafood processing maintaining the cold-chain is vital.

Seafood producers use ice to retain the quality and suppress
microbial growth in the products during processing. E.O.

water efficacy rapidly decreases when it reacts with organic

matter (Al-Holy and Rasco 2015). To overcome this issue
hypochlorous acid in ice (E.O. ice) can be used. Active

E.O. water will be released slowly during melting allowing

it to function as a sanitiser longer than simple E.O. water.
E.O. ice could be thus be used to replace ordinary ice in
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seafood production to give ice a greater strength in
inhibiting microbial growth during processing.

Feliciano et al. (2010) observed the efficacy of E.O. ice

for inhibiting the microbial growth on whole tilapia, tilapia
fillet and water during storage. This study used E.O. ice

made from E.O. water containing 150 ppm chorine at pH

6.8 and frozen at -40 #C. The result showed that E.O. ice
has the ability to reduce the numbers of E. coli K12,

Listeria innocua and Pseudomonas putida on whole tilapia,
tilapia fillets and the water during 72 h storage.

In addition, many studies have shown that E.O. ice helps

seafood products to maintain quality. Research projects
conducted on the effects of E.O. ice on seafood quality

such as Pacific saury (Kim et al. 2006), shrimps (Lin et al.

2013; Wang et al. 2014, 2015; Zhang et al. 2015) inves-
tigated not only microbiological changes but also

Table 1 Inactivation of microbial flora on seafood by electrolysed oxidising water

Material Immersion
condition

Indicator Effectiveness E.O. water property Sources

pH ORP Free chlorine
(mg/l)

Temperature
(#C)

Salmon fillet 65 min Escherichia coli ?? 2.6 1150 90 35 Ozer and Demirci (2006)

Salmon fillet 67 min Listeria
monocytogenes

?? 2.6 1150 90 35

Whole Tilapia 5–10 min Escherichia coli ?? 2.5 1159 120 23 Huang et al. (2006a)

Whole Tilapia 1–10 min Vibro
parahaemoliticus

?? 2.5 1159 120 23

Tuna fillet 5 min Aerobic bacteria
counts

? 2.5 1105 50 3 Huang et al. (2006b)

Tuna fillet 5 min Aerobic bacteria
counts

? 2.2 1135 100 3

Atlantic salmon
skin

120 min Enterobacter
aerogenes

?? 2.7 1160 50 Room
temperature

Phuvasate and Su (2010)

Atlantic salmon
skin

120 min Enterobacter
cloacae

???? 2.7 1160 50 Room
temperature

Atlantic salmon
skin

120 min Klebsiella
pneumoniae

???? 2.7 1160 50 Room
temperature

Atlantic salmon
skin

120 min Morganella
morganii

? 2.7 1160 50 Room
temperature

Atlantic salmon
skin

120 min Proteus hauseri ??? 2.7 1160 50 Room
temperature

Atlantic salmon
skin

24 h on E.O.
ice

Enterobacter
aerogenes

?? 2.5 1173 100 NA

Atlantic salmon
skin

24 h on E.O.
ice

Morganella
morganii

??? 2.5 1173 100 NA

Yellowfin tuna
skin

24 h on E.O.
ice

Enterobacter
aerogenes

??? 2.5 1173 100 NA

Yellowfin tuna
skin

24 h on E.O.
ice

Morganella
morganii

??? 2.5 1173 100 NA

Trout skin on
fillet

10 min Salmonela
typhirium

?? 2.3 NA 38 22 Al-Holy and Rasco
(2015)

Trout skin on
fillet

10 min Listeria
monocytogenes

?? 2.3 NA 38 22

Whole Yellow
croaker

25 min Aerobic bacteria
counts

?? 2.6 1250 45.12 NA Hu et al. (2015)

Salmon fillet 2 days Listeria
monocytogenes

? 2.8 1080 50 4 McCarthy and
Burkhardt-III (2012)

Mahi-mahi
fillet

2 days Morganella
morganii

? 2.8 1080 50 4

????, bacterial reduction being more than 4 log CFU/per unit; ???, between 2 and 4 CFU/per unit; ??, bacterial reduction being between 1
and 2 CFU/per unit; bacterial reduction being ?, bacterial reduction being less than 1 log CFU/per unit. –, not measured. The indicators were
inoculated on fish surface (skin)
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physicochemical, enzymatic activities, sarcoplasmic pro-

teins sensory properties and shelf-life.
Kim et al. (2006) investigated the effects of E.O. ice

compared to tap water ice (TW-ice) on microbial growth,

chemical and sensory properties of Pacific saury. They
used E.O. ice with pH 5, ORP 866 mV and active chlorine

at 47 ppm. The result revealed that the E.O. ice can inhibit

microbial growth and delayed formation of volatile-based
nitrogen (VBN) and thiobarbituric acid reactive substances

(TBARS). Sensory scores indicated that E.O. ice could
prolong the shelf-life of Pacific saury 4–5 days longer

compared to TW ice. Volatile amines such as TVBN and

trimethylamine oxide (TMAO) are the characteristic
molecules that produce fishy odour in seafood products.

Inhibiting the formation of TVBN and TMAO with E.O.

ice will improve the sensory quality of seafoods. Further-
more, E.O. ice with physicochemical properties pH 2.5,

ORP 1124 mV, and ACC 26 ppm (Lin et al. 2013; Wang

et al. 2014) significantly retarded the formation of TVBN
and colour changes in shrimps during 6 days storage. The

diversity of bacteria revealed by the polymerase chain

reaction denaturing gradient gel electrophoresis (PCR-
DGGE) method reduced significantly in the shrimp that

were stored with E.O. ice in both studies. Wang et al.

(2015) used E.O. ice with pH 2.3, ORP 1153 mV, and
ACC 44 ppm to improve the quality and safety of shrimp.

They found that E.O. ice could inhibit enzymatic activities

(cathepesin and polyphenol oxidase (PPO)) and did not
cause any noticeable changes in sarcoplasmic protein

profiles.

The effect of E.O. ice glazing on shelf-life of shrimp
was investigated by Zhang et al. (2015) who combined

E.O. ice glazing (pH of 6.5, ORP 530 mV, ACC 6.5 mg/l)

with MAP (40%CO2, 10%O2, 50%N2 and 30%CO2,
20%O2, 50%N2) to extend the shelf-life of peeled frozen

shrimp. The combination successfully inhibited relevant

indicators of deterioration, such as microbial growth, val-
ues of TVBN, TMA, TBARS, texture and colour. How-

ever, this research did not provide any information about

how long the shelf-life of the product could be extended
with these methods. While the above findings have shown

that E.O. ice is a promising technology to improve the

quality of seafood products there are not many published
studies of the effects of E.O. ice on seafood products

especially under commercial conditions. Further studies in

this area are needed to establish a stronger evidence-base.

Inactivation of microbes on food-contact surfaces

E.O. water is effective in sanitising equipment (Table 2).

Processing equipment and utensils can cause cross con-
tamination during processing. Sanitation and hygiene

practices must be maintained and monitored. There are

many studies using E.O. water as a surface disinfectant.
Venkitanarayanan et al. (1999) studied the efficacy of E.O.

water as a disinfectant against E. coli O157:H7 and L.

monocytogenes on plastic cutting boards. The results
showed that soaking the boards in E.O. water at 23 #C for

20 min, 35 #C for 10 min, and 45 #C for 10 min signifi-

cantly reduced E. coli O157:H7 and L. monocytogenes
populations.

E.O. water can be an effective sanitiser on glass, steel,
glazed and unglazed ceramic tiles and vitreous china (Park

et al. 2002). The result from Park et al. (2002) showed that

no viable cells of E. aerogenes and S. aureus were found
on tested surfaces after immersion for 5 min with 50 rpm

agitation. The agitation may provide E.O. water the

opportunity to better contact and penetrate the bacteria cell
surfaces.

E.O. water has also been studied for its affect against

pathogenic bacteria such L. monocytogenes in biofilms and
cell suspensions (Kim et al. 2001; Ovissipour et al. 2015;

Rahman et al. 2010; Shiroodi et al. 2016) with promising

results. The ability of E.O. water to inactivate a 5-strain
mixture of L. monocytogenes biofilms on stainless steel

surfaces (2 mm thickness with 7.5 by 11 cm) showed that

E.O. water with pH 2.6, ORP 1160 mV and residual
chlorine 56 mg/l inactivated the bacteria to a level of

1–5 CFU/coupon after 300 s of E.O. water treatment from

initial inoculum of 10.1 log10 CFU/ml (Kim et al. 2001).
The 300 s treatment was able to inactivate the L. mono-

cytogenes biofilm since E.O. water penetrated inside the

bacterial clumps.
However, the information on the efficacy of E.O. water

against survivor microbes on food contact surfaces in fish-

processing plants is insufficient to optimise methods to
minimise cross contamination during product processing.

Recent research showed that among Gram-negative genera

(Listeria, Stenotrophonas, Brochothrix, Serratia, Aci-
nenobacter, Rhodococcus and Chryseobacterium) Pseu-

domonas spp. is the dominant survivor genera in the

salmon-processing conveyor belts (Langsrud et al. 2015).
The study also concluded that L. monocytogenes cannot be

eliminated in microbial biofilms. Thus, sanitation proce-

dures need to be improved, as current practical sanitation
methods can leave high numbers of diverse survivor

microbial flora.

Chlorine, in the form of hypochlorite, is currently the
most common sanitiser in the seafood industry. How-

ever, compared to chlorine, soaking for 5 min in E.O.

water was more effective in inactivating L. monocyto-
genes on stainless steel sheets, ceramic tiles and floor

tile surfaces (Liu et al. 2006). These seafood processing

surfaces were studied with and without crabmeat residue
inoculated with L. monocytogenes. The results showed
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Table 2 Inactivation of microbial on food contact surfaces by electrolysed oxidising water

Material Immersion
condition

Indicator Effectiveness E.O. water property Sources

pH ORP
(mV)

Free
chlorine
(mg/l)

Temperature
(#C)

Stainless steel
containing seafood
residue

5 s Listeria
monocytogenes

??? 2.5 1150 50 23 Liu et al. (2006)

Ceramic title
containing seafood
residue

5 s Listeria
monocytogenes

??? 2.5 1150 50 23

Floor title containing
seafood residue

5 s Listeria
monocytogenes

?? 2.5 1150 50 23

Plastic cutting board 10 min E. Coli O157:H7 ???? 2.5 1165 87 35 Venkitanarayanan
et al. (1999)Plastic cutting board 10 min Listeria

monocytogenes
???? 2.4 1156 66 35

Stainless steel 5 min S. aerogenes ??? 2.5 1181 53 23 Park et al. (2002)

Stainless steel 5 min with
agitation at
50 rpm

S. aerogenes ???? 2.5 1181 53 23

Stainless steel 5 min S. aureus ?? 2.5 1181 53 23

Stainless steel 5 min with
agitation at
50 rpm

S. aureus ???? 2.5 1181 53 23

Glazed ceramic tiles 5 min Enterobacter
aerogenes

???? 2.7 1160 50 Room
temperature

Phuvasate and Su
(2010)

Glazed ceramic tiles 5 min Enterobacter
cloacae

???? 2.7 1160 50 Room
temperature

Glazed ceramic tiles 5 min Klebsiella
pneumoniae

???? 2.7 1160 50 Room
temperature

Glazed ceramic tiles 5 min Morganella
morganii

???? 2.7 1160 50 Room
temperature

Glazed ceramic tiles 5 min Proteus hauseri ???? 2.7 1160 50 Room
temperature

Stainless steel 5 min Enterobacter
aerogenes

???? 2.7 1160 50 Room
temperature

Stainless steel 5 min Enterobacter
cloacae

???? 2.7 1160 50 Room
temperature

Stainless steel 5 min Klebsiella
pneumoniae

???? 2.7 1160 50 Room
temperature

Stainless steel 5 min Morganella
morganii

???? 2.7 1160 50 Room
temperature

Stainless steel 5 min Proteus hauseri ???? 2.7 1160 50 Room
temperature

Conveyor belt coupon 5 min Listeria
monocytogenes

??? 2.8 1080 50 Room
temperature

McCarthy and
Burkhardt-III
(2012)Conveyor belt coupon 5 min Morganella

morganii
??? 2.8 1080 50 Room

temperature

Dirty fish retailer in
fish market

10 min Aerobic bacteria
counts

???? 2.2 1145 200 23 Huang et al.
(2006a)

Dirty fish retailer in
fish market

10 min Aerobic bacteria
counts

???? 2.5 1120 100 23

????, bacterial reduction being more than 4 log CFU/per unit; ???, between 2 and 4 CFU/per unit; ??, bacterial reduction being between 1
and 2 CFU/per unit; bacterial reduction being ?, bacterial reduction being less than 1 log CFU/per unit. –, not measured. The indicators were
inoculated on surface of the materials
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that the chlorine content and ORP had a positive impact

on the bactericidal activity of E.O. water. However,
further research is required to understand the mechanism

behind this effect.

Combination with other treatments and new
techniques of E.O. water application

In practise, multiple inhibitory steps are needed to optimise

shelf-life. This principle is known as hurdle technology:
combining several preservation technologies to extend the

shelf-life of products. In the seafood industry, this usually
involves combining MAP with other technologies since

MAP is the most widely used mechanism for preserving

fresh seafood products. There are many stages involved in
processing seafood starting from pre-treatment followed by

processing, packaging and ending with distribution of the

products. To maintain freshness and the quality of products
control of microbial growth is required. This needs con-

tinual synergy with other treatments during producing,

packaging, distribution and display in the store until the
products are consumed.

In the last decade, many studies combining E.O. water

with other treatments have been carried out to optimise
the efficacy of E.O. water and to evaluate the effects of

treatments on subsequent product quality (Gomez-Lopez

et al. 2015; Mahmoud et al. 2007; Xie et al. 2012; Zhou
et al. 2011). For example, there has been study on a

combination of E.O. water with 1% of essential oil (0.5%

carvacrol ? 0.5% thymol) in carp fillets. This study
indicated that dipping the fillet into E.O. water and

essential oil for 15 min did not affect the nutritional

components of the carp fillets. It also suggested that the
combination could be a good alternative to preserve fish

fillets. In addition, the combination of E.O. water con-

taining of 50 mg/l free chlorine and CO gas treatment for
48 h during refrigeration and frozen storage of tuna slices,

was an effective treatment for maintaining quality and

freshness of the products and in prolonging the shelf-life
(Huang et al. 2006b).

Combinations of E.O. water with natural preservation

agents may give good results. The combination of E.O.
water and chitosan to preserve puffer fish (Takifugu

obscurus) during storage, showed that the combination

gave a better result compared to the combination of car-
boxymethyl chitosan and E.O. water for inhibiting micro-

bial populations growth, degradation of myofibrils and

maintaining the freshness of the product (Zhou et al. 2011).
This study also concluded that the treatment with chitosan

and E.O. water could extend the product shelf-life by to up

to 50% of its original shelf-life.

Conclusion

Extending the shelf-life of seafood products needs an
integrated system from the initial stage of processing until

display of the product in the supermarket. Lowering the

initial bacterial load in the pre-treatment stage of seafood
processing is crucial, but the next stages of production also

influence the quality of products. E.O. water is a promising

technology with considerable potential to prolong the
shelf-life of fresh, frozen and live seafood products. Many

research programs have proven that E.O. water and E.O.

ice are effective sanitisers due to their bactericidal prop-
erties with no noticeable changes in product sensory

qualities. However, the influence of E.O. water and E.O.

ice on the microbial ecology of subsequent packaged pro-
duct is not yet fully understood. Knowing the changes to

the microbial ecology in the products will give a better

solution to find improved methods for extending the shelf-
life of seafood products.
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