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ABSTRACT OF THE THESIS 

Antimicrobial Effects of Allyl Isothiocyanate and Modified Atmosphere on  

Pseduomonas Aeruginosa in Fresh Catfish Fillet under Abuse Temperatures 

By YU-HSIN PANG 

 

Thesis Director: 

Kit L. Yam 

 

Pseudomonas aeruginosa, a common spoilage microorganism on fresh catfish products, 

can grow rapidly at temperatures above 4°C during storage and transportation. To protect 

against temperature abuse and extend the shelf life of catfish, an antimicrobial packaging 

system examined in this study. Allyl isothiocyanate (AIT), an extract of horseradish oil, 

is a well-known antimicrobial agent, which has been proved to have an excellent 

antimicrobial capability on various microorganisms. The packaging system consists of 

combing AIT with modified atmosphere (MA), a common antimicrobial method, to 

inhibit the growth of P. aeruginosa. 

The objectives of this research were: 1) to investigate the antimicrobial effects of AIT in 

vapor phase and MA on P. aeruginosa in fresh catfish fillet; 2) to develop models to 

predict the lag phase and shelf life of fresh catfish products as a function of AIT and MA. 

Three concentrations (0, 18 and 36 µg/L) of AIT in vapor phase were used to inhibit the 

growth of P. aeruginosa cocktail (3-strains) at 8, 15 and 20°C. In addition, the 
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antimicrobial capability of MA (49% CO2, 0.5% O2 and 50.5% N2) and MA combined 

with AIT were also investigated. 

Our results showed that temperature has the most significant impact on the growth rate of 

P. aeruginosa. Lowing temperature could decrease the maximum growth rate of P. 

aeruginosa and extend its lag phase and shelf life. Increasing gaseous AIT concentration 

could elongate lag phase and reduce growth rate of P. aeruginosa effectively. In addition, 

AIT alone reduced P. aeruginosa counts within the initial several hours. The application 

of MA had a similar antimicrobial effect as AIT under low storage temperature. 

Moreover, to attain a longer shelf life of fresh catfish fillet, the combination of AIT and 

MA was included in this study. The synergistic effect of AIT and MA could extend the 

shelf life of fresh catfish from 4 days (control) to 23 days at 8°C.  

Models developed from this study may be applied to estimate the lag phase of P. 

aeruginosa and shelf life of catfish under abuse temperature conditions. The results could 

assist food industry to predict the shelf life of catfish products, which may be further 

optimized with appropriate AIT concentration in a MA packaging. 
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1. INTRODUCTION 

Catfish is an important economic contributor in the United States. Over 420 million 

pounds of processed catfish were produced in the US in 2011[1]. Compared to other 

agricultural commodities, catfish has relatively higher commercial value in the market. 

However, catfish is also highly perishable that limits its distribution feasibility and then 

reduces its economic value. During transportation, storage temperature fluctuation 

declines the quality of catfish. Therefore, proper processing method and packaging 

system should be applied to maintain the quality and safety of fresh catfish. 

Three primary deterioration factors may affect the quality and safety of catfish, which are 

autolysis, chemical oxidation and microbial growth[2]. Among these deterioration factors, 

microbial growth is the major cause of fish spoilage, which could produce amines, 

alcohols, aldehydes, sulfides, organic acids and ketones with unpleasant and unacceptable 

off-flavor, odor and color[3]. Since the storage environment of fresh catfish is aerobic and 

under refrigerate temperature, aerobic and psychrotrophic bacteria are highly concerned 

with the safety and quality of catfish. Pseudomonas aeruginosa, one of the specific 

spoilage organisms in seafood, conforms to the characteristic of spoilage organism, so it 

is selected as target microorganism in this study.   

Allyl isothiocyanate (AIT) is considered to be a promising candidate as natural 

antimicrobial agent, which is well known for its effective inhibiting capability of 

microbial growth in foods. AIT is a colorless and volatile essential oil, which shows 

excellent antimicrobial effect in its vapor phase. To prevent the loss of gaseous AIT and 

maintain its antimicrobial ability during storage time, AIT can be incorporated into food 

packaging to create an antimicrobial environment. This antimicrobial packaging system 
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can be used to eliminate or inhibit the growth of P. aeruginosa or other microorganisms. 

However, the pungent odor of AIT limits its applied concentration, thus reducing the 

antimicrobial effect of food packaging. Therefore, modified atmosphere (MA) is 

combined with AIT to achieve complementary effect for this antimicrobial packaging 

system. 

MA is an extensively used technology for perishable seafood product. The concept of 

MA is controlling the level of CO2 and O2 in the food packaging system to extend the 

shelf life of food products by suppressing the growth of both aerobic spoilage and 

pathogenic organisms. Since CO2 is slightly soluble in water, high percentage of CO2 can 

form carbonic acid with water to create an acidic environment to inhibit the growth of 

aerobic microorganisms. However, the water-soluble property of CO2 may also bring 

some negative impact to the antimicrobial packaging system. While CO2 gradually 

dissolves into water or the moist surface of catfish, the internal pressure decreases and 

then causes packaging collapsing. In addition, carbonic acid, the forming compound of 

CO2 and water, may affect the texture of catfish, because it can lower the water holding 

capability of catfish by reducing the pH of flesh[4, 5]. Therefore, the application of CO2 in 

high percentage should be avoided in packaging systems of seafood to prevent the above 

consequences.  

Since both AIT and MA have their limitations when applied in packaging system, but 

could be complementary to each other, the combination of these two antimicrobial 

methods could be a potential candidate as an antimicrobial packaging system to obtain a 

sufficient antimicrobial effectiveness thus attaining a longer shelf life of fresh catfish. 

Due to the shelf life of fresh catfish has been proven to be strongly depended on storage 
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temperatures[6], the antimicrobial effect of AIT in vapor phase and MA on P. aeruginosa 

in catfish fillet held in different abuse temperatures was investigated in this study. Three 

parameters (lag phase, maximum growth rate and shelf life) were utilized to analyze the 

antimicrobial effect of this antimicrobial packaging system.  

Predictive models were established base on the result of antimicrobial effect of AIT, MA 

and their combinations. The models developed in this study could be used to estimate the 

lag phase of P. aeruginosa and shelf life of catfish at different storage conditions. The 

function of the models is to assist food industry in predicting the shelf life of catfish 

products, which may be further optimized with appropriate AIT concentration in a MA 

packaging system. 
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2. REVIEW OF LITERATURE 

2.1. Catfish 

Catfish belongs to the order-Siluridae, which is usually found in slow-flowing fresh 

water such as large rivers and lakes. However, catfish have good adaptation of 

environment, so they also can live in strong current of rivers[7].  Catfish are easy to rear in 

warm climates and reach the marketable size in a short period of time[8]. The size range 

of catfish is quiet broad. Some of the smallest species of catfish are only 1 cm and the 

largest species can grow up to 2 m[9]. The larger species of catfish can be farmed for food 

and some particular smaller species such as the genus Cordoras are being popular in 

many aquariums[10]. Therefore, catfish has a huge commercial importance in the market. 

Catfish have been farm-raised in the US for several decades, and more than half of all the 

species of catfish live in Americas. Mississippi, Alabama, Arkansas and Texas are the top 

four states to produce catfish and supply 95% of total sales in the United States[1]. 

Because of the year-round availability, consistent quality and healthy attributes of catfish, 

the consumption of catfish products has grown rapidly in the recent years[11]. According 

to the USDA report, over 423 million dollars of catfish were sold in the United States 

during 2011 and increased 5% from 403 million dollars in previous year[1]. In recent 

years, the unit price of catfish is also rising gradually, as shown in Table 1.  
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Table 1: Farm-raised catfish prices received by producers by month in United States: 1997-2011 (adopted from USDA 
report[12]) 
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Since catfish is tropical fish, its production in winter is relatively less than in summer, so 

most of them are imported to the United States during wintertime. Cambodia, China, 

Thailand and some other Asian countries are the major sources of imported catfish for 

America. In 2010, up to 14.6 million pounds of catfish were imported from the above 

countries[13].   

Figure 1 showed the change of transportation amount of catfish around the entire year for 

2010 and 2011, from which similar trend could be observed for both years. Because large 

amount of catfish were produced in summer time, the transportation amount of catfish 

were also correspondingly increased. However, transportation during summer had some 

potential hazards for fresh catfish, due to high environmental temperature. The hot 

weather would cause the abuse temperature conditions more frequently, which could 

accelerate chemical oxidation and also create a suitable growth environment for both 

spoilage and pathogenic bacteria.  

Figure 1: Foodsize catfish feed delivered in United States (adopted from USDA 
report[14]) 

2.2. Quality and shelf life of fish 

The quality of catfish is decided by the integration of sensory characteristic. Appearance, 

odor, flavor, and texture are the critical characteristics to evaluate the quality level of fish. 
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Since the change of colors, flavors and odors are tangible spoilage phenomenon for 

consumers, these sensory characteristics are immediate concerns for fresh fish products. 

Various intrinsic and extrinsic factors affect the rate of spoilage in fresh fish such as 

storage temperature, availability of oxygen, initial population of microorganisms, pH of 

muscle, activity of intracellular enzymes, nutrients and lipid content[15]. The spoilage of 

fresh fish can be divided to two main pathways: microbiological and biochemical 

deterioration. The biochemical pathways are typically including autolysis and chemical 

oxidation[3].  
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Figure 2: Quality deterioration during storage of fish (modified from Jos and Huis, 
1996[16])  

Since the microbiological and biochemical deterioration of fish have different 

mechanisms, these two deterioration modes start at different periods of storage. Figure 3 

is a spoilage model of fish products during chill storage temperature. Generally, the 

microbial spoilage happens earlier than biochemical spoilage, and the initial population 

of specific spoilage organisms (SSO) is around 3 - 3.5 log10 cfu g-1 in fish. For the 

biochemical deterioration, the induction period of chemical spoilage may depend on the 

External conditions 
• Storage temperature 
• Packaging  
• Atmosphere: CO2, O2, N2 
• Light 

 

Product conditions 
• Initial quality 
• Nutrients content 
• Intrinsic factors 
• Hygienic processing 

Biochemical 
deterioration 

Microbiological 
deterioration 

• Putrid flavor 
• Sour flavor 
• Slime 
• Gas 
• Discoloration 

 

• Rancid flavor 
• Changed of texture 

 

• Discoloration 
• Production of off-flavors: 

o Rancid 
o Putrid 
o Sour 

• Loss of Nutrients 
• Change of texture 
• Production of toxics 
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fat content and fatty acid profile of fish species, and the range of lipid content in catfish 

muscle is 2.5% - 3.8%. 

2.2.1. Microbial growth 

Microbial spoilage is a rising concern for food industry, since it has been estimated that 

up to 25% of agricultural commodities including fishery product are lost due to microbial 

activities every year[17]. In addition, among the deterioration modes of fresh fish, 

microbial growth has been recognized the most crucial factor to cause fish spoilage[4], 

and the spoilage model of fish in Figure 3 also showed that microbial spoilage begin at 

the initial stage during the storage. 

Microorganisms can produce amines, alcohols, aldehydes, sulfides, organic acids and 

ketones with unpleasant and unacceptable flavors and odors[18]. Discoloration and slime 

formation may also be detected during microbial activities[4]. Microbiological activities 

Figure 3: Model of changes in total count (TVC), specific spoilage organisms (SSO) 
and chemical spoilage indices during chill storage of a fish product (adopted from 
Gram and Huss[6]).  
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influence the sensory characteristics of fresh fish in different ways and the sensory 

manifestation by different microbiological activities is shown in Table 2.  

Table 2: Microbiological spoilage of fish (adopted from Gram and Huss[6]) 

Microbiological activity Sensory manifestation 
Breakdown of food components Slime formation, off-flavors 
Production of extracellular polysaccharide 
material 

Large visible pigmented or non-pigmented 
colonies 

Growth of molds, bacteria, yeasts Production of gas 
Production of CO2 Discoloration, softening texture 
 

All of fish commodities have their own distinctive microbial flora, and the total amount 

of microorganisms on fresh fish ranges from 2 to 7 log10 cfu g-1[19]. Different composition 

of microbial flora in fresh fish depends on its origin, species, season and fishing 

ground[15]. Several important intrinsic factors influence the growth of microorganism and 

the spoilage of fish[6]. 

1. The poikilotherm nature of fish: The poikilothermal fish provide bacteria a broad 

temperature range to grow. Generally, psychrotrophic Gram-negative bacteria 

such as Pseudomonas, Vibrionaceae and Shewanella are dominating in the 

temperate water fish. Microbial flora in the tropical fish are similar to the 

temperate water fish, but with slightly higher load of Gram-positive bacteria[19]. 

2. High post-mortem pH (> 6.0) in the fish flesh: The amount of carbohydrate in the 

muscle tissue of fish are usually lower than 0.05%, so only little amounts of lactic 

acid can be produced after death. The relatively high pH environment allows the 

growth of pH-sensitive spoilage bacteria such as Shewanella[6].   
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3. The presence of trimethylamineoxide (TMAO): TMAO is the major source of 

umami for fish and also thought to have osmoregulatory function in live fish[20]. 

Some spoilage bacteria can decompose TMAO to trimethylamine (TMA), the 

formation of TMA is responsible for off-odors and off-flavors of fish[21]. 

On the other hand, the major extrinsic factors for fish spoilage are inappropriate storage 

temperature and irregular processing procedure.  Temperature abuse during transportation, 

processing and storage of fresh fish without any antimicrobial method may create a 

suitable environment for both spoilage and pathogenic bacteria to grow[22]. Unhygienic 

processing such as inappropriate slaughter manner may also increase the risk of microbial 

contamination. Aerobic and chill storage environment is very common in daily life, 

because consumers usually store fresh fish in the refrigerators.  

The spoilage microorganisms developing in aerobically stored fish typically consist of 

Gram-negative psychrotrophic bacteria. Therefore, under aerobic refrigerator temperature, 

the flora is composed almost exclusively by Pseudomonas aeruginosa and Shewanella 

putrefaciens[6]. 
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Table 3: Specific spoilage bacteria of fresh and packed fish stored at chilled 
environment (adopted from Gram and Huss[6]) 

Atmosphere Specific spoilage organisms of fresh, chill fish 

 Temperate waters Tropical waters 

 Marine Fresh Marine Fresh 
Aerobic S. putrefaciens 

Pseudomonas 
spp. 

Pseudomonas 
spp. 

S. putrefaciens 
Pseudomonas 
spp. 

Pseudomonas 
spp. 

Vacuum S. putrefaciens 
 

Gram-positive 
bacteria 

Lactic acid 
bacteria 

Lactic acid 
bacteria 

P. phosphoreum Lactic acid 
bacteria 

  

CO2 P. phosphoreum Lactic acid 
bacteria 

Lactic acid 
bacteria / 
TMAO reducing 
bacteria 

Lactic acid 
bacteria / 
TMAO reducing 
bacteria 

2.2.2. Autolysis 

Autolysis is defined as the degradation of muscle and skin constitution by endogenous 

enzymes[23]. The impact of which is on textural quality including losing the elasticity of 

flesh and draining out of the blood water. However, autolysis does not responsible to off-

odors and off-flavors in the early stage[18].  

Live fish contain numerous enzyme systems, and these intracellular and extracellular 

enzymes are distributed throughout the fish muscle. Once a fish is dead, all of the 

anabolic and biosynthetic processes are terminated owing to the absence of blood 

circulation. Without blood circulation, no oxygen and nutrients is available to supply the 

process of anabolic and biosynthetic. As a result, only the catabolic or the degenerative 

and degrading reactions are active which lead to the accumulation of catabolic products.  

Table 4 shows the possible impact of autolysis by enzymes on fish flesh[23]. 
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Table 4: Summary of autolytic changes in chilled fish (adopted from FAO[24]) 

Enzyme(s) Substrate Changes 
Encountered 

Prevention 

Glycolytic enzymes Glycogen Production of lactic 
acid, pH of tissue 
drops, Loss of 
water-holding 
capacity in muscle  

Fish should be allowed 
to pass through rigor at 
temperatures as close to 
0°C  
Pre-rigor stress must be 
avoided  

Autolytic enzymes 
involved in 
nucleotide 
breakdown 

ATP, ADP, 
AMP, IMP 

Gradual production 
of bitterness loss of 
fresh fish flavor 

Avoid pre-rigor stress�
and improve handling. 

Cathepsins Proteins, 
peptides 

Softening of tissue 
 

Avoid rough handling 
during storage 

Chymotrypsin, 
trypsin, carboxy-
peptidases 

Proteins, 
peptides 

Autolysis of 
visceral cavity in 
pelagic (Belly-
bursting) 

Avoid freezing/ 
thawing or long-term 
chill storage 

Calpain Myofibrillar 
proteins 

Softening of tissue Remove calcium 

Collagenases Connective 
tissue 

Softening and 
gaping of tissue 

Short time and chilled 
temperature storage 

Trimethylamine 
Oxide (TMAO) 
demethylase 

TMAO Formaldehyde ≤ -30°C storage 
temperature, avoid 
freeze/thawing 

 

It is difficult to prevent the autolysis of fresh fish as the enzymes are dispersed 

throughout the whole flesh of fish. However, controlling the storage temperature and pH 

can be effective to delay the autolysis. Since low temperature reduces the activities of all 

enzymes in fish flesh, decreasing storage temperature can effectively slow down the rate 

of autolysis[23, 25].  In addition, keeping the pH of muscle around 7 with the treatment of 

suitable buffer systems can also prevent the activities of some enzymes and minimize the 

autolysis in fish[23]. 
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2.2.3. Chemical oxidation 

Chemical oxidation of fish is mainly because of the oxidative deterioration of unsaturated 

fatty acids[26], which may be induced by light, metal ions or excessive heat during 

processing or storage. Lipid oxidation influences the quality of fish by producing off-

flavor, off-odor and off-color compounds. Moreover, some of the byproducts may also 

affect the nutritional quality and change the texture of fish. 

Due to the existence of high degree unsaturated fatty acids, chemical oxidation is one of 

the major deterioration modes for fish species with high lipid content[18]. Several factors 

influence the lipid content and fatty acid composition in fish commodities, which are 

size, species, tissue, diet, season and living environmental conditions. The lipid content in 

the muscle of catfish is around 2.5% to 3.8% (w/w), and the viscera usually contains 

higher lipid, ranging from 4.5 - 5.9%. Besides, winter catfish contain slightly higher lipid 

content than summer samples[27].  

Chemical oxidation can be initiated either by enzymatic or nonenzymatic reactions. 

Lipolysis is a process of enzymatic hydrolysis of lipids. In this process, lipases can 

degrade glyceride and form free fatty acid, which is responsible for declining quality of 

fat and bring rancidity for fish. Lipases can be found in food products or derived from 

psychrotrophic microorganisms[16]. Three major enzymes involved in fish lipid hydrolysis 

are triacyl lipase, phospholipase A2 and phospholipase B[28].  

Non-enzymatic oxidation happens due to the catalysis of heme proteins, which could 

produce lipid hydroperoxides[18]. Heme proteins including hemoglobin and myoglobin 

are the major catalysts of lipid oxidation in the muscle of fish. The transition metals such 

as iron (Fe), which can be found in heme proteins, are known to catalyze lipid oxidation 
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and the iron amount of heme can also decide the pro-oxidative power of hemoglobin and 

myoglobin[15]. Autoxidation begins when iron in the ferrous form (Fe2+) is converted to 

the ferric met form (Fe3+). This oxidized met form can break down lipid hydroperoxides 

to initiate and propagate lipid oxidation[29]. In addition, low pH environment may also 

accelerate lipid oxidation, because heme proteins are partially unfolded under acidic 

environment and provide more access to participate in oxidation[15, 18]. Therefore, 

stabilizing hemoglobin and myoglobin in the reduced ferrous form and controlling the 

environmental pH are expected to retard lipid oxidation in fish muscle[15]. 

2.3. Antimicrobial agent - Allyl isothiocyanate (AIT) 

With the increasing demands by consumers, good preservation techniques become 

necessary in order to minimize deteriorations and maintain the quality and nutrition 

values of catfish[18]. Since consumers are becoming aware of healthy concept, natural 

ingredients having antimicrobial properties such as essential oils are preferred instead of 

chemical preservatives[30, 31]. Many researches have also proved that essential oil can be 

incorporated into food packaging systems which can effectively maintain the 

antimicrobial activity of the internal environment during storage[32]. 

Nedorostova and others[33] studied the effect of twenty-seven essential oils on five types 

of microorganisms and observed that only two essential oils (garlic and horseradish oil) 

were capable to inhibit the growth of all tested microorganisms, including  Pseudomonas 

aeruginosa, Listeria monocytogenes, Staphylococcus aureus, Eschericia coli, Salmonella 

entertidis. Moreover, horseradish oil exhibited the highest antimicrobial potential 

compared to the other essential oils. The major compound in horseradish oil is allyl 

isothiocyanate (AIT)[34], which is responsible for its antimicrobial effect[35, 36]. 
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AIT can be extracted from mustard (Brassica nigra and Brassica juncea) seed or 

horseradish root. It is released upon injury or mechanical disruption tissue of plants to 

protect plants from the attack by herbivores[36]. However, it is also harmful to the plant 

itself, so glucosinolate is a harmless form to store AIT in the plants. When an animal 

chews the plant, glucosinolate can be hydrolyzed by myrosinase and form AIT to repel 

the animals[37]. 

AIT is a colorless and volatile compound with organosulfur group (CH2CHCH2NCS) 

(Figure 4). Most of organosulfur compounds bring strong and distinctive odor for plants 

such as mustard, horseradish and wasabi[36, 38]. AIT is slightly soluble in water but well 

soluble in most of organic solvents[39]. AIT in liquid phase results in weak antimicrobial 

ability, however vapor phase AIT with low concentration is unexpectedly considered as 

an effective antimicrobial agent to inhibit most of typical food spoilage 

microorganisms[35]. 

The antifungal and antibacterial capability of AIT is proved by many studies. AIT is 

recognized as a sulfhydryl inhibitor, which can inhibit the growth of microorganism by 

causing oxidative cleavage of disulfide bond to inactive the intracellular enzymatic 

reactions. For antifungal effect, higher concentration of AIT can inhibit the oxygen 

uptake for yeast[35, 36]. 

However, the practical application concentration of AIT is limited due to the pungency 

flavor which can affect the acceptability of a food product[40]. Therefore, other 

Figure 4: Molecular structure of AIT 
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preservation technologies should be applied in order to enhance the antimicrobial effect 

in a packaging system.  

2.4. Modified atmosphere packaging (MAP) 

MAP is one of the most extensively reviewed technologies for perishable seafood 

products[41]. The concept of MAP is replacing the air in the packaging with a different gas 

mixture[42]. Generally, high percentage of CO2 and low percentage of O2 are used in 

modified atmosphere packaging. CO2 with high percentage (≥40%) can effectively 

suppress the development of aerobic organisms by inhibiting various bacterial enzymatic 

and biochemical pathways[6, 43, 44]. The antimicrobial capability may increase with the 

increasing percentage of CO2 in the atmosphere.  

The antimicrobial effect of CO2 is complicated and four possible activity mechanisms of 

CO2 on microorganisms are identified by previous researches[42], which are: 

1. Interfere nutrients uptake and absorption of microorganism by altering the cell 

membrane function. 

2. Inhibit or decrease the rate of intracellular enzymatic reactions of microorganism. 

3. Reduce the intracellular pH by penetrating of bacterial membranes. 

4. Denaturalize the proteins of microorganism by changing its physical and chemical 

properties.   

Since CO2 is slightly soluble in water, high percentage of CO2 can form carbonic acid (as 

shown in Figure 5) with water to create an acidic environment, thus inhibiting the growth 

of aerobic microorganisms. However, the water-soluble property of CO2 can also bring 

some negative impact to the antimicrobial packaging system. While CO2 gradually 

dissolves into water or the moist surface of catfish, the internal pressure also decreases, 
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leading to the collapse of package. In addition, carbonic acid, the forming compound of 

CO2 and water, may affect the texture of catfish, because it can lower the water holding 

capability of catfish by reducing the pH of flesh[5, 6]. Therefore, the application of CO2 in 

high percentage should be avoided in the packaging systems of fish to prevent the above 

consequences. 

 

 

 

 

 

 

 

 

 

 

 

 

Since both AIT and MA have their applied limitations in food packaging, but could be 

complimentary to each other, these two antimicrobial methods could be combined in one 

packaging system to obtain their complementary antimicrobial effect thus extending the 

shelf life of fresh catfish. 

 

 

Figure 5: The chemical equilibriums of carbonic acid forming 
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2.5. Predictive model 

Fresh fish is one of the perishable food commodities. The spoilage of fish usually 

changes the sensory manifestation by the production of off-flavor and off-odor 

compounds. Therefore, monitoring and controlling the quality of fish is one of the major 

goals in the fish industry[45].         

Predictive models can be used to estimate the shelf life of fish in a production and 

distribution chain. Depending on the intrinsic and extrinsic factors, each fish product has 

its own specific spoilage organism. In order to obtain an accurate prediction of shelf life 

for each fish product under different storage conditions, it is important to select and apply 

a microbial model based on the spoilage process of fish product[46]. Two main factors of 

fish spoilage should be collected for shelf life predictions[47]. 

1. Specific spoilage organisms—base on the different storage or living conditions, 

each fish product has its specific spoilage organism. 

2. Spoilage level—the fish spoilage may be detected, when the population of 

specific spoilage organism reaches the spoilage level.  

The shelf life of fish can be estimated through the predictive models base on the defined 

specific spoilage organism and its population level. In the past, most of predictive models 

were developed by conducting experiments in liquid media such as broth instead of 

actual food products, because it is much easier to control different factors in broth than in 

real food item. Recently, many researches have observed that the growth behaviors of 

microorganism in broth and in catfish are different, because significant factors such as 

food matrix structure and microbial interactions are significantly different in both 
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systems[46]. To achieve better accuracy of the predictive models, commercial catfish 

products were used for model establishment in this study. 
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3. OBJECTIVES 

Two major objectives are included in this research. 

1. Investigate the antimicrobial effect of vapor phase AIT (0, 18 and 36 µg/L) and 

MA (49% CO2, 0.5% O2 and 50.5% N2) on P. aeruginosa in fresh catfish fillet 

held at different abuse temperatures (8, 15 and 20°C).  

2. Establish predictive models to estimate the lag time of P. aeruginosa and the shelf 

life of fresh catfish under various storage conditions.  

The first objective can be divided into three tasks: to compare the growth behaviors of P. 

aeruginosa in broth and in catfish; to investigate the antimicrobial effect of 18 and 36 

µg/L AIT in vapor phase alone and MA alone (49% CO2, 0.5% O2 and 50.5% N2) at 8, 15 

and 20°C; and to evaluate the combination effect of AIT in vapor phase and MA at 8, 15 

and 20°C. 

The impacts and uniqueness of this research are: 

(1) Compare the growth behaviors of P. aeruginosa in broth and in catfish. Broth is 

recognized as an optimum matrix for the growth of microorganisms, so much 

research has been done in broth as food simulant. This research demonstrated that 

the growth behavior of P. aeruginosa in broth and actual catfish were different. 

(2) Inhibit the growth of P. aeruginosa in catfish fillet by gaseous AIT and MA 

combination. The synergistic effect of AIT and MA may significantly extend the 

shelf life of fresh catfish fillet at abuse temperature conditions. 

(3) Provide information for food industry to predict the shelf life of fresh catfish 

products. The system may be further optimized with appropriate AIT 

concentration in a MA package. 
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4. MATERIALS AND METHODS 

4.1. Overview of experimental procedures 

The experiment was designed based on research objectives mentioned in the previous 

section. 

Figure 6 shows the flow chart of the experimental design, which was divided into three 

parts: 

• Growth behavior study. It included observing the growth behavior of P. 

aeruginosa in broth at 8 and 15°C and the growth behavior of P. aeruginosa in 

fresh catfish fillets at 8, 15 and 20°C as the controls for antimicrobial study. 

• Antimicrobial study of AIT and MA. It included defining the range of AIT 

concentrations which were applied in this study; determining the antimicrobial 

effect of gaseous AIT (18 and 36 µg/L) on P. aeruginosa in fresh catfish fillets at 

8, 15 and 20°C; determining the antimicrobial effect of MA (49% CO2, 0.5% O2 

and 50.5% N2) on fresh catfish fillets at 8, 15 and 20°C, and investigating the 

combination effect of AIT and MA combination at 8, 15 and 20°C. 

• Predictive model development and validation. It includes analyzing the data from 

antimicrobial study using Baranyi model to obtain lag phase, maximum growth 

rate of P. aeruginosa and shelf life of fresh catfish; establishing predictive models 

to estimate the lag phase of P. aeruginosa and shelf life of fresh catfish; and 

validating the predictive models by additional independent storage experiments. 
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Growth behavior of P. aeruginosa in broth 

Growth behavior of P. aeruginosa in catfish fillets 

Antimicrobial effect of AIT on catfish fillets 

Antimicrobial effect of MA on catfish fillets 
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Obtain the lag phase of P. aeruginosa and shelf life of fresh 
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Antimicrobial 
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Figure 6: Experimental design flow chart 
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4.2. P. aeruginosa strains and cocktail preparation 

Three strains of P. aeruginosa (ATCC #15442, #10145 and #27853) obtained from 

American Type Culture Collection (Manassas, VA) were used in this study. All of the 

strains are commonly found in fresh fish.  

Each strain of P. aeruginosa was kept at -80°C as stock cultures separately and 

transferred monthly to maintain their viability. For preparing P. aeruginosa cocktail 

suspensions, each strain of P. aeruginosa stock cultures was taken by using a loopful 

culture and transferred to a 10 ml Brain Heart Infusion (BHI, Difco, Sparks, MD).  Each 

P. aeruginosa suspension was incubated at 37°C for 6 hours and then a second transfer 

was applied where 100 µl of P. aeruginosa was taken from the suspension by 

micropipetter and added into a new 10 ml BHI for a second incubation at 37°C for 24 

hours. 1.0 ml of each strain was taken, mixed together and further diluted using sterile 0.1% 

peptone water (PW) to attain approximately 5 log10 cfu g-1 of P. aeruginosa cocktail. 

4.3. Growth behavior of P. aeruginosa in broth 

Appropriate amount of P. aeruginosa cocktail suspension was added into two 10 ml BHI 

cultures to obtain 3.5 log10 cfu g-1 as initial concentration, which were incubated at 8 and 

15°C respectively and further microbiological tests were conducted over time. For 

microbiological test, appropriate serial dilutions were performed for microbiological 

enumeration. P. aeruginosa cells were counted by duplicate spread plate on 

Pseudomonas Isolation Agar (PIA, Difco, Sparks, MD)  after incubation at 30°C for at 

least 24 hours. The colonies number was counted and reported as log10 cfu g-1 for every 

sample. 
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4.4. Fresh catfish fillets preparation and inoculation 

Fresh catfish fillets were purchased from local market. To avoid the interference of 

background bacteria on catfish, the fillets were frozen for irradiation. The irradiation 

process was performed in USDA-ARS-ERRC (United States Department of Agriculture-

Agriculture Research Service, Eastern Regional Research Center, Wyndmoor, PA). 

Before each experiment, catfish fillets were thawed at room temperature (25°C) for 

around 2 hours, cut into 15 g pieces (3 × 3 × 1.5 cm), and placed in a sanitized 250 ml 

Mason jar (one piece per jar) (Ace hardware corporation, Shouthampton, PA). This 

preparation process was performed in a laminar flow biosafety hood. The Mason jar was 

served as a model storage system and the volume of headspace was constant in this study. 

P. aeruginosa cocktail suspension was diluted using sterile 0.1% PW to achieve target 

inoculation level, and 100 µl of the diluted suspension was evenly applied to the surface 

of each catfish piece to yield approximately 3.5 log10 cfu g-1  of P. aeruginosa, which was 

to simulate the common situation of fresh catfish[48]. Once the population level of P. 

aeruginosa exceeded 5 log10 cfu g-1, the shelf life of catfish fillet was determined to be 

terminated, because above this level P. aeruginosa might change the color of flesh and 

cause unacceptable flavors and odors of catfish as shown in Figure 7[49]. !
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Figure 7: Sensory manifestation with the growth of P. aeruginosa 

4.5. Screening test of the antimicrobial capability of AIT 

A screening test was conducted to confirm that AIT in vapor phase has the antimicrobial 

effectiveness to inhibit the growth of P. aeruginosa. 100 µl of P. aeruginosa suspension 

was spread on the Pseudomonas Isolation Agar, and then 0.005, 0.01, 0.03 and 0.05 mg 

AIT in liquid phase was added into individual filter papers which were placed on the 

covers of petri dish in advance. The plates were inoculated at 37°C for 24 hours. 

4.6. Gas phase AIT preparation 

To study the effect of AIT (purity: ≥93%, Sigma-Aldrich Co., Saint Louis, MO), two 

amounts (0.005 and 0.01 mg) were added onto the 1 cm × 2 cm filter papers which were 

placed in each Mason jar in advance as an AIT carrier and then the jar was sealed 

immediately.  Catfish fillet samples without the addition of AIT were used as controls. 

These samples were stored in the incubators set at 8, 15 and 20°C, and taken out at 

different intervals for microbiological evaluation in order to obtain the growth curves. 
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The equilibrium concentrations of gaseous AIT in Mason jar with 0.005 and 0.01 mg AIT 

filter papers were calculated as 18 and 36 µg/L (!"#$!!!!"!!"#$"%!!"#!×!!"#$%&!!"!!"#(%)!"#$%&!!"!!"# ) 

respectively, assuming the AIT in the filter paper vaporized completely into the 

headspace. The headspace AIT concentrations in Mason jar with filter paper and the 

Mason jar with filter paper plus fresh catfish fillet were confirmed to be the same using 

gas chromatography (HP Series 5890A, Hewlett Packard, New York, NY).  

 

 

 

 

 

 

 

 

 

4.7. MA procedure 

In order to evaluate the antimicrobial effect of modified atmosphere (MA) on P. 

aeruginosa, the lids of Mason jars were modified to incorporate two connectors 

(McMaster-Carr Supply Company, Dayton, NJ) for gas flushing. Inoculated catfish fillet 

samples were placed in the Mason jars and gas mixture was flushed into the jars, as 

shown in Figure 9. For treatment with MA alone, 50% CO2, 50% N2 gas mixture (Airgas, 

Cheshire, CT) was flushed through the connectors into Mason jar at 50 kpsi for 1 minute 

and then the connectors were covered by the caps immediately. For AIT and MA 

Figure 8: The device of sample 
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combination, different volumes of AIT (0.005 and 0.01 mg) were added quickly onto the 

filter paper through the connectors after gas flushing and then the connectors were sealed 

immediately. These samples were stored at 8, 15 and 20°C for further microbiological 

analysis. CO2 and O2 percentages inside Mason jar were monitored in triplicate at 0, 2, 4, 

17 and 23 days throughout the storage periods using O2 / CO2 analyzer (Model 902D 

Dual Trak, Quantek Instruments, Grafton, MA). The percentage of N2 was calculated by 

subtracting the percentage of CO2 and O2 from 100%. 
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Figure 9: The demonstration of gas flushing 

Figure 10: O2 / CO2 Analyzer (Model 902D DualTrak) 
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4.8. Microbiological analysis 

After a certain period of storage under different conditions, each catfish fillet sample was 

placed in a sterile filter bag (80 ml, Fisherbrand, Pittsburgh, PA) with addition of 15 ml 

0.1% sterile PW to make a 1:1 dilution (W/V), then homogenized using a Stomacher Lab 

Blender 400 (Tekmar, Cincinnati, OH) at 300 rpm for 2 minutes.  Proper serial dilutions 

were performed for microbiological enumeration. P. aeruginosa cells were counted by 

duplicate spread plate on Pseudomonas Isolation Agar after incubation at 30°C for at 

least 24 hours. The colonies number was counted and reported as log10 cfu g-1 for every 

sample. 

4.9. Predictive model 

A graphical procedure for predictive model development is shown in Figure 11. Stages 1 

to 4 were the microbiological experiments, which had been described in the previous 

sections and stages 5 and 6 were for building and validation model. 

 

Figure 11: Experimental procedure of developing a microbial model for rapid 
predictions of shelf life of fresh catfish. (adopted from Koutsoumanis and Nychas[46]) 
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4.9.1. Model establishment 

The growth data gathered from the enumeration of P. aeruginosa on fresh catfish fillet 

under different storage conditions were analyzed using DMFit software (Figure 12) on 

Combase website (www.combase.cc).  

Figure 12: DMFit software on Combase website (www.combase.cc) 
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In the DMFit software, Baranyi model[52] was applied for data fitting to obtain lag time 

and maximum growth rate of P. aeruginosa and shelf life of catfish at each experimental 

conditions. The explicit form of the model is the following:  

!(t) = !! + !!"#! +
1

!!!"#
!ln !(!!!!⋅! + !!!! − !!!⋅!!!! !)

− ! 1! !ln! 1+ !
!!!!"#!! + ! 1

!!"# ln !!
!!⋅! + !!!!! − !!!!⋅!!!! − 1

!!!(!!!"#!!!!!!)  

where ! t = ln ! ! with!! ! !the!cell!concentration! !"#
!" . 

!! = ln !! ,!!"# = ln !!"# .!  

!! and !!"# are the initial and the asymptotic cell concentration, respectively.  

!!"# is the maximum specific growth rate !
! . 

! is a curvature parameter to characterize the transition from the exponential phase. 

! is a curvature parameter to characterize the transition to the exponential phase. 

ℎ! is a dimensionless parameter quantifying the initial physiological state of the cells.  

The lag time λ (ℎ) can be calculated as !!
!!"#

. 

The shelf life was estimated by the period of time during which P. aeruginosa grow from 

initial concentration to 5 log10 cfu g-1 (termination of shelf life). The linear regression 

procedures as well as a three-way ANOVA were performed using SAS (SAS, v9.1) and 

significant factors were also determined (P < 0.05). 

4.9.2. Model validation 

To validate the model developed in this study, additional data from independent 

experiments were needed to evaluate how well the model could predict lag phase and 
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shelf life by using simple linear regression. Fresh catfish samples treated with AIT alone 

at the concentration of 9 µg/L at 12°C and MA alone at 12°C were selected to validate 

our predictive models. The experiments were conducted using the same procedure as 

previous experiments in this study. For the AIT treatment sample, 0.0025 mg AIT (9 

µg/L) was added onto the 1 cm × 2 cm filter papers and then the jar was sealed 

immediately. For the MA treatment sample, 50% CO2, 50% N2 gas mixture was flushed 

through the connectors into Mason jar at 50 kpsi for 1 minute, and then the connectors 

were covered by the caps immediately. Both samples were stored at 12°C and taken out 

at pre-determined times for microbiological evaluation to obtain growth curves of P. 

aeruginosa. The microbiological evaluation was analyzed by the same procedure as 

mentioned previously.  
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5. RESULTS AND DISCUSSIONS 

5.1. Effect of growth mediums 

Growth behaviors of P. aeruginosa in broth and catfish were observed to be different in 

this study as shown in Figure 13. The growth rate of P. aeruginosa was temperature 

dependent which increased with increasing storage temperature. From Figure 13, it can 

be obviously seen that P. aeruginosa grew faster in catfish than in broth. At 8°C, it took 

about 325 hours for P. aeruginosa to obtain 5 log10 cfu g-1 in broth, while it only took 90 

hours in catfish. In other words, the growth rate of P. aeruginosa in catfish was about 3.6 

times faster than in broth.  

Although broth is a simple matrix that different factors can be controlled easily, it still 

cannot completely replace the actual food system in microbiological study. Many factors 

such as structure, microbial interaction and nutrients of food system can also affect the 

growth behavior of P. aeruginosa[46].  

 

Figure 13: Growth behavior of P. aeruginosa in broth and in fresh catfish 
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5.2. Influence of gas phase AIT 

5.2.1. Screening test of AIT 

The result of screening test proved that AIT effectively inhibited the growth of P. 

aeruginosa as shown in Figure 14. After incubated at 37°C for 24 hour, all of the samples 

showed a clear inhibition zone on the plate and the diameter of inhibition zone increased 

with the increasing amount of AIT added.  

 

 

 

 

 

Figure 14: Screen test: Antimicrobial effect of AIT with different concentrations 
(A) 0.005 mg AIT (B) 0.01 mg AIT (C) 0.03 mg AIT (D) 0.05 mg AIT 
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5.2.2. Antimicrobial effect of AIT 

The effect of AIT on P. aeruginosa in catfish fillets at different storage temperature was 

summarized in Table 5, 6 and 7. Temperature was the major factor to affect the growth of 

P. aeruginosa in this study. Lag phase increased from 5.3 hours to 59.2 hours as 

temperature decreased from 20 to 8°C without addition of AIT, while the maximum 

growth rates decreased from 0.20 to 0.05 log10 cfu h-1 were observed. Among three 

temperature conditions, catfish fillet stored at 8°C showed the longest shelf life, which 

was approximately three times longer than that at 15°C and seven times longer than at 

20°C. 

Three concentration levels of AIT (0, 18 and 36 µg/L, 0 as the control) were selected to 

apply on catfish fillets. AIT with concentrations more than 36 µg/L level might be 

rejected by consumers in the sensory test. 

Table 5: Lag phase of P. aeruginosa under different storage conditions 

 Storage temperature (°C) 
 8 15 20 
Lag phase (hours)    
Control 59.2 ± 5.5 12.9 ± 2.7 5.3 ± 0.8 
18 µg/L AIT 62.1 ± 6.5 23.4 ± 1.4 16.3 ± 2.5 
36 µg/L AIT 232.7 ± 27.5 31.5 ± 5.3 22.6 ± 5.9 
MA 214.4 ± 8.9 36.9 ± 1.1 13.1 ±1.1 
MA + 18 µg/L AIT ≥ 550 50.2 ± 1.0 42.4 ± 4.4 
MA + 36 µg/L AIT ≥ 550 56.2 ± 1.2 51.5 ± 5.0  

Mean values ± standard errors  
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Table 6: Maximum growth rate of P. aeruginosa under different storage conditions 

 Storage temperature (°C) 
 8 15 20 
Maximum growth rate  
(log cfu/hour) 

   

Control 0.050 ± 0.004 0.089 ± 0.008 0.201 ± 0.012 
18 µg/L AIT 0.001 ± 0.000 0.084 ± 0.003 0.159 ± 0.026 
36 µg/L AIT 0.066 ± 0.051 0.095 ± 0.011 0.115 ± 0.053 
MA 0.026 ± 0.001 0.103 ± 0.000 0.110 ± 0.003 
MA + 18 µg/L AIT - 0.147 ± 0.012 0.231 ± 0.043 
MA + 36 µg/L AIT - 0.074 ± 0.025 0.205 ± 0.115 

Mean values ± standard errors 
-, not determined 
  
 
 

Table 7: Shelf life of catfish under different storage conditions 

 Storage temperature (°C) 
 8 15 20 
Shelf life (hours)    
Control 84 ± 3 28.7 ± 1.7 12.2 ± 0.2 
18 µg/L AIT 132 ± 14 42.4 ± 1.2 27.5 ± 1.7 
36 µg/L AIT 267 ± 23 49.2 ± 3.2 41.1 ± 2.4 
MA 284 ± 3 50.5 ± 0.5 26.5 ± 1.8 
MA + 18 µg/L AIT  ≥ 550  61.9 ± 1.2 50.7 ± 4.3  
MA + 36 µg/L AIT  ≥ 550 75.5 ± 7.0 62.5 ± 5.2  

Mean values ± standard errors 
 

The growth curves of P. aeruginosa with different concentrations of AIT are showed in 

Figure 15, 16 and 17, which indicated the bacteria load was slightly reduced in the initial 

several hours. For example, 36 µg/L AIT treatment reduced about 0.8 log10 cfu g-1 of P. 

aeruginosa at 8°C in the first 25 hours and similar effect was also observed in the rest of 

the samples stored at different temperatures.  
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Figure 15: Growth curves of P. aeruginosa cocktail in fresh catfish fillet with 
different concentrations of AIT at 8°C. 

 

Figure 16: Growth curves of P. aeruginosa cocktail in fresh catfish fillet with 
different concentrations of AIT at 15°C. 
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Figure 17: Growth curves of P. aeruginosa cocktail in fresh catfish fillet with 
different concentrations of AIT at 20°C. 

The antimicrobial effect of AIT was illustrated by three parameters, lag phase, maximum 

growth rate and shelf life in Tables 5 – 7, respectively. Compared to the controls, 36 µg/L 

AIT treatment provided about three times longer lag phase at all three storage 

temperatures and the shelf life was also extended based on P. aeruginosa growth 

threshold of 5 log10 cfu g-1. This study demonstrated that AIT was an effective 

antimicrobial agent to extend the lag phase of P. aeruginosa and to prolong the shelf life 

of catfish fillets. However, no positive relationship between maximum growth rate and 

concentrations of gaseous AIT was observed. In other words, higher AIT concentration 

did not provide lower maximum growth rate of P. aeruginosa.  According to the 
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phase, but once the survival cells adapted to the imposed stresses, they could recover and 

then behave similar to the normal cells. 

5.3. Influence of MA 

5.3.1. Fluctuation of gas compositions 

The change of gas composition in the headspace of Mason jar was determined at room 

temperature and the results were shown in Table 8. It could be found that the percentage 

of CO2 decreased while the present of O2 increased during storage. The possible 

explanation for this observation might be partially due to the dissolution of CO2. Since 

CO2 was slightly soluble in water, part of CO2 could dissolve into the moist surface of 

catfish fillet and the percentage of dissolved CO2 increased with the decreasing storage 

temperature conditions.  

Table 8: The change of gas composition in headspaces during storage of catfish 
fillets 

 Gas composition % 
Days of 
storage 

50% CO2 / 50% N2 
CO2 (%) O2 (%) 

0  49 ± 0.8 0.5 ± 0.3  
2  43.5 ± 1.1  2 ± 0.8  
4  36.7 ± 3.5  2.3 ± 1.2  
17  30.7 ± 2.9  4.6 ± 0.9  
23 26.8 ± 5.4 7.5 ± 3.6 

 

5.3.2. Antimicrobial effect of MA 

The growth curves of P. aeruginosa in catfish fillet with/without MA stored at different 

temperatures were shown in Figure 17, 18 and 19. According to the results, MA showed a 

strong antimicrobial potential on P. aeruginosa growth, which was in agreement with 
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other published reports demonstrated that major aerobic spoilage microorganisms such as 

P. aeruginosa could be inhibited by higher level (> than 40%) of CO2
[55, 56]. All of the 

MA samples showed around three times longer lag phase than those without MA 

treatment. In addition, a longer shelf life could also be obtained by the MA samples at 

three different temperature conditions.  

 

Figure 18: Growth curves of P. aeruginosa cocktail in fresh catfish fillet 
with/without MA (49% CO2, 0.5% O2 and 50.5% N2) at 8°C. 
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Figure 19: Growth curves of P. aeruginosa cocktail in fresh catfish fillet 
with/without MA (49% CO2, 0.5% O2 and 50.5% N2) at 15°C. 

 

Figure 20: Growth curves of P. aeruginosa cocktail on fresh catfish fillet 
with/without MA (49% CO2, 0.5% O2 and 50.5% N2) at 20°C. 
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The comparison between AIT and MA treated samples was showed in Tables 5 - 7. MA 

exhibited similar antimicrobial capability as 36 µg/L AIT treatment at lower storage 

temperature conditions such as 8 and 15°C, but its antimicrobial effect at higher 

temperature was less effective than 36 µg/L AIT treatment in this study. The relatively 

weak solubility of CO2 at 20°C might account for the decreasing antimicrobial 

effectiveness[33]. CO2 was slightly soluble in water and the major factor to affect its 

solubility was environmental temperature. The solubility of CO2 at 0°C is around 3.38 g 

CO2/kg H2O which reduces to 1.73 g CO2/kg H2O at 20°C[53]. The dissolved CO2 might 

lower the pH at catfish fillet surface by creating carbonic acid and this acidic 

environment could inhibit the growth of aerobic spoilage organisms[43, 54]. 

5.4. Influence of AIT and MA combination on catfish 

To extend the lag phase and shelf life of fresh catfish fillet, AIT combined with MA was 

applied and the synergistic effects were evaluated. AIT and MA combination can reduce 

more bacteria load in the initial several hours than AIT alone treatment as shown in 

Figure 21, 22 and 23. At 8°C, 36 µg/L AIT alone treatment can reduce 0.5 log10 cfu g-1 of 

P. aeruginosa in the first 53 hours, but about 1.57 log10 cfu g-1 of P. aeruginosa can be 

reduced under 36 µg/L AIT and MA combination treatment in the same condition.  
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Figure 21: Growth curves of P. aeruginosa cocktail in fresh catfish fillet under 
different storage conditions at 8°C. 

 

Figure 22: Growth curves of P. aeruginosa cocktail in fresh catfish fillet under 
different storage conditions at 15°C. 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0 50 100 150 200 250 300 350 400 450 500 550 

L
og

 C
FU

 g
-1

 

Time (hours) 

18 µg/L AIT + 
MAP  

36 µg/L AIT + 
MAP  

8˚C MAP  

Control 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0 25 50 75 100 125 

L
og

 C
FU

 g
-1

 

Time (hours) 



!

!

44!

 

Figure 23: Growth curves of P. aeruginosa cocktail in fresh catfish fillet under 
different storage conditions at 20°C. 
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No further experiments were conducted beyond 550 hours in this study, because after that 

time P. aeruginosa spoilage might no longer be the critical issue due to other molds 

growth.  In this case, biochemical deteriorations including lipid oxidation or autolysis 

should also be considered for determining the shelf life of fresh catfish fillet. Since the 

study was terminated at 550 hours, the shelf life at 8°C was assigned to be 550 hours for 

both AIT concentrations combined with MA. In addition, P. aeruginosa was not able to 

grow under the treatment of AIT combined with MA within 550 hours at 8°C, so no 

maximum growth rate data were presented in Table 6. 

According to ANOVA as shown in Tables 9, 10 and 11, all factors (temperature, AIT and 

MA) showed significant effect on prolonging lag phase of P. aeruginosa and the shelf 

life of fresh catfish fillet. The ANOVA results also indicated that the synergistic effect of 

AIT and MA was very significant, which suggested the combination of AIT and MA 

could be used as an effective antimicrobial system to resist temperature abuse and extend 

the shelf life for fresh catfish fillet. However, for the maximum growth rate of P. 

aeruginosa, only temperature showed significant impact, which decreased along with the 

decreasing storage temperatures, AIT and MA alone did not affect the growth rates of P. 

aeruginosa after the cells adapted to the stresses. Although the interaction of AIT and 

MA appeared to be statistically significant according to ANOVA (Table 11), it did not 

necessarily mean their interaction had actual effect on maximum growth rate, because 

when the major factors (AIT and MA) were insignificant, it was highly likely that their 

interaction could be inaccurately determined to be significant by using ANOVA[57]. 
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Table 9: Summary of the lag phase results obtained by ANOVA. 

Factor d.f. Sum Sq Mean Sq F P 
Temperature 2 116773 58387 1163.988 < 0.001 
AIT 2 14513 7257 144.665 < 0.001 
MA 1 16906 16906 337.045 < 0.001 
Temperature * AIT 4 34474 8619 171.818 < 0.001 
AIT * MA 2 3784 1892 37.715 < 0.001 
Temperature * MA 2 19532 9766 194.694 < 0.001 
Residuals 34 1705 50   

 

Table 10: Summary of the shelf life results obtained by ANOVA. 

Factor d.f. Sum Sq Mean Sq F P 
Temperature 2 878169 439084 790.598 < 0.001 
AIT 2 79242 39621 71.340 < 0.001 
MA 1 168374 168374 303.168 < 0.001 
Temperature * AIT 4 85278 21320 8.387 < 0.001 
AIT * MA 2 11462 5731 10.319 < 0.001 
Temperature * MA 2 231557 115778 208.466 < 0.001 
Residuals 40 22215 555   
 

Table 11: Summary of the maximum growth rate results obtained by ANOVA. 

Factor d.f. Sum Sq Mean Sq F P 
Temperature 2 0.14167 0.07083 66.539 < 0.001 
AIT 2 0.00298 0.00149 1.402 0.259 
MA 1 0.00410 0.00410 3.853 0.057 
Temperature * AIT 4 0.00569 0.00142 1.337 0.276 
AIT * MA 2 0.02180 0.01090 10.239 < 0.001 
Temperature * MA 2 0.00057 0.00029 0.267 0.766 
Residuals 34 0.03619 0.00107   

5.5. Predictive models  

Polynomial models, a common type of model for empirical modeling, were selected to 

predict the lag phase of P. aeruginosa and the shelf life of fresh catfish in this study. 

However, the limitation of empirical model was that the predictive ranges were confined 

to the selected parameters with experimental design[58]. 
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5.5.1. Lag phase model 

The lag time obtained from three levels of AIT (0, 18 and 36 µg/L) treatment 

with/without MA were applied to develop predictive models using the general linear 

regression procedures (SAS, v9.1). Models developed for the lag time without and with 

MA treatment were shown below in Equation (1) and (2), respectively.  

Lag phase = 225.30− 30.11T + 4.36AIT− 0.38AIT × T + 1.01T2 + 0.08AIT2!!!!!!! 1  

Lag phase = 634.99− 66.96T + 0.71AIT− 0.06AIT × T + 1.80T2 + 0.03AIT2!!!!!!!!!!!!(2)        

where lag phase was the lag time in hours, T is temperature in °C, and AIT is 

concentration of allyl isothiocyanate in µg/L. The R2 was 0.87 for Equation (1) and 0.99 

for Equation (2).    

In Equation (2), two terms, AIT and its interaction with temperature, were not significant 

in the linear regression analysis (P > 0.05). However, the statistical insignificance of AIT 

did not necessarily mean that AIT had no actual effect on lag phase or shelf life. The 

existence of MA might abate the significance of AIT in the linear regression analysis, but 

the effect of AIT could be observed from experimental result. In Table 5, the lag time of 

catfish sample was 214 hours at 8°C under MA treatment, however the sample treated 

with AIT and MA combination exhibited a lag time of more than 550 hour. Therefore, 

the terms related to the effect of AIT should still be kept in the linear regression model. 
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Figure 24 was the surface plot of lag time models, which showed that higher 

concentration of AIT with lower storage temperature had more effective antimicrobial 

effect by providing a longer lag phase of P. aeruginosa. Compared Figure 24 (A) and (B), 

the sharp slope in (B) demonstrated that the participation of MA in AIT packaging 

system could obviously extend the lag phase at lower storage temperature.  

Figures 25 and 26 were the comparison of experimental data and predicted values from 

the models. In Figure 25, when the experimental data were close to the predicted value, 

the corresponding point on the graph should be close to the solid line. Once the observed 

value equaled to the predicted value, the point would be exactly on the solid line (slope 

=1.0). When the predicted values were over or under estimated, the point would be above 

or below the solid line, respectively. The dotted line represents 95% confident range for 

the predictive models.  Figure 26 (with MA treatment) showed narrower 95% confident 

range than Figure 25 (without MA treatment), which indicated that the linear regression 

model with MA treatment could predict lag time closer to the experimental ones[58]. 

(A) (B) 

Figure 24: Surface plot of lag time models: (A) lag time plot without MA, (B) lag time 
plot with MA. 
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Figure 25: The observed vs. predicted values of lag 
phase without MA using Eq. (1) 

Pr
ed

ic
te

d 
va

lu
e

0

50

100

150

200

250

300

Observed value

0 50 100 150 200 250 300

fig.3 SL

Figure 26: The observed vs. predictive values of lag 
phase with MA Eq. (2) 
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5.5.2.  Shelf life model 

Equation (3) was developed to predict the shelf life of catfish fillet without MA treatment, 

and Equation (4) was for the treatment with MA.  

Shelf life = 326.75 −  40.17T + 6.50AIT−  0.37AIT × T + 1.27T2 + 0.03AIT2!!!!!!!!!(3)        

Shelf life = 854.10 −  91.07T + 1.38AIT−  0.01AIT × T + 2.49T2 − 0.02AIT2!!!!!!!!(4)  

where shelf life was in hours. The R2 was 0.95 for Equation (3) and was 0.99 for 

Equation (4).  

 

Figure 27: Surface plot of shelf life models: (A) shelf life plot without MA, (B) shelf 
time plot with MA. 

Figure 27 was the surface plot of shelf life models, which is similar to the surface plot of 

lag time models. MA and AIT combination at low storage temperature increased the shelf 

life dramatically, and a longer shelf life was obtained at higher concentration AIT with 

lower storage temperature. 

According to Figure 28 and 29 both predictive models for shelf life showed narrow 95% 

confident ranges, which indicated that the linear regression models could predict shelf 

life fairly close to the experimental data. 

(A) (B) 
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Figure 28: The observed vs. predicted values of shelf 
life without MA using Eq (3). 
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Figure 29: The observed vs. predicted values of shelf 
life with MA using Eq. (4) 
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5.5.3. Maximum growth rate model 

Since neither AIT nor MA showed significant effect (P > 0.05) on maximum growth rate 

(Table 11), predictive models were not established for maximum growth rate in this study.    

5.5.4. Model validation 

Linear regression models (with/without MA) needed to be validated to ensure their 

accuracy. 9 µg/L AIT treatment at 12°C was selected to validate the linear regression 

models without MA treatment (Equation (1) and (3)), and MA (49 % CO2, 0.5% O2 and 

50.5% N2) treatment at 12°C was applied to validate the models with MA treatment 

(Equation (2) and (4)). Lag time and shelf life were estimated from these two 

independent experiments and the predicted values were obtained from their 

corresponding linear regression models. 

The comparison of validation data and predicted values from linear regression models for 

treatment without MA was shown in Figure 30. According to the linear regression model, 

the predicted lag time of P. aeruginosa under 9 µg/L AIT treatment at 12°C should be 

27.45 hours, but the actual lag time from the experiment was 22.06 hours. The difference 

between experimental and predicted values was 24%. The shelf life of fresh catfish fillet 

determined from the experiment was 46.62 hours, and its predicted value was 47.23 hours. 

The difference between them was 1%. Both of validation data presented shorter lag phase 

than predicted results. 
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Figure 31 showed the experiment data and the predicted values from linear regression 

models for treatment with MA. The lag time of P. aeruginosa under MA condition at 

12°C from the experiments was 82.40 hours, and the predicted value was 90.36 hours. 

The difference of lag time between validation data and predicted result was 10%. The 

shelf life of fresh catfish fillet from the experiment and the predictive model were 114.67 

and 119.82 hours, respectively. The difference between them was 4%.  
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Figure 30: Comparison of experimental data and predicted values for 
9 µg/L AIT sample at 12°C 
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Most of our models showed very good correlation coefficient with R-squared (R2) value 

close to 1, except the lag phase predictive model without MA treatment (R2 = 0.87). 

However, the R2 value of 0.87 was still acceptable for a linear regression analysis. Since 

the predictive models developed in this study were empirical, the high R2 values could 

imply that our models were able to fairly well predict lag time and shelf life within the 

designed parameter ranges. The comparison of predicted and experimental values in 

Figure 25, 26, 28, 29 showed narrow 95% confident zones, which also indicated that the 

predicted values were quite close to the corresponding experimental values.  

In addition, the validation experiments were conducted to confirm the reliability of our 

linear regression models. Two validation samples were treated within designed parameter 

ranges, 9 µL/L AIT alone and MA alone treatment at 12° C. The biases between 

experimental and predicted values were within 10%, excluding the lag phase predictive 

model without MA treatment. The high percent error of lag phase predictive model 
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without MA treatment, with a value of 24%, could be caused by the relatively low fitness 

of linear regression model (R2 = 0.87), so further investigation might be necessary. 
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6. CONCLUSIONS 

6.1. Conclusion on antimicrobial effect of gas phase AIT  

This study suggested that AIT was an effective antimicrobial agent to significantly inhibit 

the growth of P. aeruginosa because it provided 1.5 - 3 times longer shelf life of fresh 

catfish fillet than the controls. The study also demonstrated that the lag phase of P. 

aeruginosa and shelf life of fresh catfish was extended with the increasing gaseous AIT 

concentration. In other words, higher gaseous AIT concentration showed more effective 

antimicrobial effect on P. aeruginosa.  

6.2. Conclusion on antimicrobial effect of MA  

MA showed similar antimicrobial capability as 36 µg/L AIT treatment at lower storage 

temperature (8 and 15°C), but its antimicrobial effect at higher temperature (> 20°C) was 

less effective in this study. The more effective antimicrobial effect of MA at low 

temperature condition is due to more CO2 can dissolve into moist surface of fresh catfish 

fillet at low temperature condition which can created an acidic environment to inhibit the 

growth of microorganism.  

6.3. Conclusion on antimicrobial effect of AIT and MA combination 

The combination of gaseous AIT and MA (49% CO2, 0.5% O2 and 50.5% N2) created 

positive combination effect on P. aeruginosa and further extended the shelf life of fresh 

catfish fillets. At 8°C, 18 µg/L AIT with the aid of MA showed 32% longer shelf life than 

the sum of shelf life of AIT and MA alone which also extended the shelf life of catfish 

fillets from 4 days to more than 23 days (550 hours). At 15 and 20°C, although the 
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combination effect was not effective as low storage temperature, the combinations still 

extended at least 2.6 times longer shelf life of fresh catfish fillet than the controls. 

Therefore, AIT combination with MA can be a potential candidate as an antimicrobial 

packaging system for seafood industry to extend the shelf life of their fresh catfish 

products. 

6.4. Conclusion on predictive models 

In this study, polynomial models were developed to predict the lag phase of P. 

aeruginosa and the shelf life of fresh catfish under different storage conditions. The 

surface plot of predictive models supported the previous result in this study that higher 

gaseous AIT concentration with low storage temperature provided better antimicrobial 

effect, and AIT combined with MA obviously extend the lag phase at lower storage 

temperature. 

Our models reasonably well predict the lag phase of P. aeruginosa and the shelf life of 

fresh catfish fillet with AIT and MA treatment under abuse temperature conditions. The 

result can help food industry predict the growth behavior of P. aeruginosa and further 

optimize the usage of AIT in a MA packaging system. 
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7. FUTURE WORK 

The antimicrobial effect of gaseous AIT on P. aeruginosa has been proved in this study. 

To expand the application of gaseous AIT, the antimicrobial effectiveness of AIT on 

other spoilage or pathogenic microorganisms including molds or Clostridium botulinum 

etc. should be investigated in the future. In addition, incorporating AIT with other 

preservation technologies such as controlled release packaging can also broaden its 

application. Controlled release packaging can prolong the effect of AIT in a packaging 

system thus improving antimicrobial effect. Although the antimicrobial effect of AIT 

improved with its increasing concentration, the pungent odor of AIT might not be 

accepted by every consumer, so sensory test needs to be conducted to optimize the range 

of acceptable AIT concentration.  

Only one gas mixture was used in this study for MA treatment. However, different gas 

mixtures need to be tested, because microorganisms have different susceptibility of 

oxygen; different microorganism should also be tested under MA systems to define the 

optimum gas mixture.  

Since the AIT and MA combination treatment could effectively extend the shelf life of 

fresh catfish fillet to 23 days, chemical oxidation might become a major concern after 

such a long period of storage. Therefore, the addition of antioxidant such as tocopherol or 

ascorbic acid should be investigated for improving the quality of fresh catfish fillet. 
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