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This thesis is an investigation of the potential of Allyl Isothiocyanate (AITC) derived 

from oriental mustard meal (Brassica juncea meal) as a natural preservative suppression 

moulds growth on bread. Currently, clean labels and natural antimicrobial agents are 

interests of alternative preservatives. In this study, an antimicrobial sachet/patch 

containing B. juncea meal was developed to produce AITC vapour in situ; the efficacy of 

gaseous AITC/B. juncea meal on suppression of Penicillium spp. and other mould growth 

was investigated. The growth was completely inhibited for 28 days at 23˚C in the presence 

of 0.7-1.3 ppm AITC in the headspace (released from 50-100 mg B. juncea meal). Fifty mg 

mustard meal showed fungistatic activity, and ≥100 mg were fungicidal. The shelf life of 

sliced white bread (600 g) was prolonged for 14 days using 3g of B. juncea meal at 23˚C 

thereby illustrating the potential of AITC as an alternative to chemical preservatives. 
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Chapter 1 

Introduction 

 

Spoilage of bakery products such as bread represents a significant economic burden to 

the industry, in addition to a potential food safety risk via the production of mycotoxins by 

mould growth (Cauvain et al., 2007; Smith et al., 2004). It has been estimated that in the U.S. 

alone, losses due to microbiological spoilage are ∼1 to 3% or over 90 million kg of products 

each year (Smith et al., 2004). The most common spoilage in bread is mould, mainly Penicillium, 

Aspergillus and Eurotium that also can potentially lead to mycotoxin production (Nielsen and 

Rios, 2000). Moulds are ubiquitous in the environment and consequently attempting to prevent 

contamination of bakery products is problematic (Cauvain et al., 2007; Smith et al., 2004). In the 

absence of chemical preservatives the shelf-life of bread is limited to 2-5 days. Yet the addition 

of additives such as propionates, sorbate and anti-staling agent the shelf-life of bread can be 

extended to over 14 days without visible mould growth (Cauvain et al., 2007; Legan, 1993b).  

However, there have been concerns with regards to the safety of chemical preservatives 

especially in the case of propionate that has been linked to asthma in young children. In addition, 

there is a trend for companies to move towards clean-labelling where chemical additives have 

been replaced with natural alternatives (Pepe et al., 2003; Rosenquist and Hansen, 1998; Suhr 

and Nielsen, 2005). Relevant to the current thesis, there has been a sustained interest in the 

application of mustard oil (Brassica juncea) as a natural antimicrobial given the high content of 

allyl isothiocyanate (AITC, CH2=CH-CH2-N=C=S) (Nielsen and Rios, 2000). AITC has been 

evaluated as an antimicrobial agent in several food systems although the impact on sensory 

characteristics due to the distinct, pungent, odor restricts application (Isshiki et al., 1992; Lin et 
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al., 2000b; Mari et al., 2002; Nadarajah et al., 2005a; Nielsen and Rios, 2000). The antimicrobial 

activity of AITC is greater when applied in vapour phase than as a liquid (Nielsen and Rios, 

2000). The potency of the preservative has shown to be more effective on moulds than on 

bacteria and on Gram-negative bacteria than on Gram-positive bacteria (Delaquis and Mazza, 

1995; Isshiki et al., 1992). The antimicrobial efficiency of mustard oil can be directly correlated 

to the AITC concentration, along with the time of exposure, temperature and microflora 

(Delaquis and Sholberg, 1997; Isshiki et al., 1992). In food application, the antifungal and 

antibacterial efficacy of AITC is also impacted by food composition, pH, water activity and 

concentration of AITC vapour in packaging headspace (Lin et al., 2000b; Mari et al., 2002; 

Obaidat and Frank, 2009b; Suhr and Nielsen, 2003; Troncoso-Rojas et al., 2009; Wu et al., 

2011). With regards to the latter, the potency of the preservative is enhanced when combined of 

AITC vapour with either Modified Atmosphere Packaging (MAP) or Active Packaging (AP) 

(Isshiki et al., 1992; Nielsen and Rios, 2000; Suhr and Nielsen, 2005).  

To date, AITC has been applied in its purified form which although convenient and 

consistent has problems associated with instability, high volatility, in addition to poor water 

solubility (Mari et al., 1993; Wu et al., 2011). To address such limitations the current study will 

apply mustard meal that contains the precursor (sinigrin-myrosinase) for AITC (Mari et al., 

2002). Moreover, this information will increase opportunities of value-added products of 

mustard production in Canada.  
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Chapter 2 

Literature review 

 

2.1 Bread and bread processing 

 

Bread in its many forms is an important staple food worldwide, which is also one of the 

major components of the international food market (Smith et al., 2004). According to the 

Statistics Canada, the bread and industry shipped about 5.1 billion dollars of products in 2009, 

which created 5.9 billion dollars of total revenues. The average annual growth in shipments is 

6.9%, and 5.4% for total revenues. The average annual growth in global Exports is 10% from 

1999 to 2010 (Fig. 2.1).   

 

                         

   Fig. 2.1 the Canadian bread and bakery manufacturing revenues and shipments  

 

 They are many types of bread produced and consumed globally. Differences are in 

processing methods, dough-making formulae, and ingredients (Cauvain et al., 2007; Legan, 



4 

 

1993b). According to Legan (1993), “Bread is defined as ‘that food generally recognised as 

bread prepared from dough of cereal flour and baked’.’’ The cereal flour is mainly wheat flour 

because of its gluten forming ability. When wheat flour is mixed with water, a cohesive 

substance called gluten in the dough traps gases during fermentation part of the processing, and 

the mass expends to become soft, light, and palatable after baking.  

The basic ingredients in bread includes: flour to give strength and structure of products 

by starch and protein contained in the flour; water  as a solvent to act with flour to form dough;  

yeast to act on natural sugars in the flour to generate carbon dioxide, and to make the dough rise 

through fermentation. The activity of yeast is strongly associated with dough fermentation; salt 

not only to contribute to flavour but also to strengthen the gluten and control the action of yeast 

for loaf volume. Apart from these minimal necessities small amounts of extra ingredients are 

added to enhance dough performance during processing or to improve the quality of finished 

bread. As such, sugar is added to provide nutrients to yeast in the early stages of fermentation. 

Fat and /or milk derivatives to improve the quality of the produce by contributing softness, 

moistness and addition flavour and texture.  In addition, other functional components including 

additives and preservatives might be used in flour or dough to improve baking quality of bread 

and yeast-raised fine bakers’ wares (Williams and Pullen, 2007).  

Based on the method of bread dough fermentation, bread is classified as either yeast-

based, prepared usually with wheat flour and having a light texture and a pH value of 5.4-6.0; or 

sourdough fermentation bread, often made with cereals such as rye or rice that have less or no 

gluten and with a lower pH of 3.5–4.8 (Legan, 1993b).  
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In general, different bread varieties have evolved through different processing 

methodologies that aim to achieve specifically desired qualities. The process occurs as shown in 

Fig. 2.2: 

                    

 

 

 

          

 

 

 

                            Fig. 2.2 Flow diagram of bread manufacturing process 

                     

Production can be divided in four stages, although it may not be limited to them. In order, they 

involve the following actions (Cauvain, 2007).  

Stage 1. Mixing & Kneading. Mixing raw material of flour, water, yeast, salt and other 

ingredients form the dough and develop the gluten structure that gives bread its elasticity; yeast 

acts on damaged starch granules to release sugars, and produce carbon dioxide, which leavens 

the bread. 

Stage 2. Dividing & Inter-proving. Dough is loaded into a divider with rotating blades 

that cuts the dough into pre-determined weights; the cut pieces of dough are shaped in a 

moulding machine and then dropped into a warm and humid cabinet called a prover, so that gas 

reproduction is encouraged. 

Packing 

 

 

Mixing 

 

Slicing 

 

Baking 

 

Moulding 

 

 

Inter-proving 

 

Dividing 

 

Kneading 

 

 Stage 1 Stage 2 

Stage 4 Stage 3 
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Stage 3. Moulding & Baking. A second molding re-shapes the loaves and drops them 

into pans, elasticity lost during fermentation is regained in the resting period of an added proof 

with high temperature and a high level of humidity, after which, the loaves are placed into an 

oven and baked. 

Stage 4. Slicing & Packaging. Slicing the completely baked bread after cooling is done 

with a slicing machine; sliced bread loaves are shipped to the wrapping machine and sealed 

either by heat sealing or by hand.  

 

2.2 Spoilage defects in bread and sources 

2.2.2 Mould Spoilage 

 

Baked products such as bread typically have low pH (5.4-6.0 for yeast – raised bread; 

3.5-4.8 for sourdough fermentation bread) and high water activity (aw 0.94-0.97) with the 

consequence of mainly being spoiled by moulds as opposed to yeast or bacteria (Guynot et al., 

2005; Smith et al., 2004).  In the absence of preservatives visible mould growth is observed 3-4 

days into storage at room temperature although the characteristic odour composed of volatile 

metabolites can be noted after 2 days (Nielsen and Rios, 2000). Upon entering the stationary 

phase of growth certain moulds produce secondary metabolites called mycotoxins that can result 

in chronic illness if consumed over time (Gutiérrez et al., 2009; Nielsen and Rios, 2000; Pateras, 

2007). 

 The most common moulds implicated in bread spoilage are Penicillium and Aspergillus 

spp. Penicillium is a genus of ascomycetous fungi, a species that grows and colonizes rapidly by 

aerial dispersion. Bread is especially vulnerable it as sufficiently moisture content (about 40%) 

and aw between 0.94-0.97 (Legan, 1993b) . The Penicillium colonies on bread typically either 
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have a blue or green color and produce a blue fuzzy texture, or “bloom”.  Of the most common 

species appearing on bread include, Penicillium (P.) commune, P. crustosum, P. chrysogenum, P. 

corylophilum, P. palitans, P. polonicum, P. roqueforti, P. brevicompactum, and P. solitum etc. 

(Nielsen and Rios, 2000; Northolt et al., 1995).   

Aspergillus is a common mold found on bread with A. versicolor, A. sydowii, and A. 

flavus (Nielsen and Rios, 2000; Northolt et al., 1995) being most commonly encountered.  In the 

conidial stage Aspergillus produces green and in the ascosporic stage yellow, reddish yellow or 

reddish brown pigment. Like Penicillium, it appears upon bread that is kept moderately moist aw 

around 0.6-0.85 (Smith, 1992), because the conidia are usually abundant in the atmosphere. A 

favourable growth temperature is 22 to 30 ºC. Some species of Aspergillus also produce 

mycotoxins, such as aflatoxin from A. flavus, both a toxin and a carcinogen. 

Wallemia sebi is the most well-known species that exists commonly in indoor 

environments and agricultural environments. It has been isolated from has been isolated from air, 

soil, salt and dried food, which causes food spoilage (Zalar et al., 2005).  

 In addition to these two groups of moulds, Rhizopus (nigricans) stolonifer, the common 

black bread mould appears characterized by a fluffy appearance of white cottony mycelium and 

black sporangia. Neurospora sitophila is also observed in bread wrapped while still warm and 

stored at a high humidity (Legan, 1993a). 

 The types and numbers of spoilage fungi present differently in correlation with the 

variety of the breads, the recipe used, the bakery processing, and the localization of products 

(Pateras, 2007; Seiler, 1992; Smith et al., 2004). For instance, the predominant spoilages in 

Spanish bakery products are Eurotium, Aspergillus and Penicillium (Guynot et al., 2005). In 

Northern Ireland Penicillium spp. is the most common bread spoilage fungi, whereas Aspergillus 
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spp. is more predominant in India (Pateras, 2007). In wheat bread Penicillium commune, P. 

solitum, P. corylophilum and Aspergillus flavus are major spoilers, but P. corylophilum or 

Eurotium species in some cases are main dominants in rye bread. Increased acidity will have an 

effect such as slowing mould growth (Nielsen and Rios, 2000). Bulk-fermented bread with will 

have a slightly longer shelf life compared with the no-time dough bread, which is due to highly 

alcohol content in fermented breads (Pateras, 2007). 

            Equilibrium relative humidity (Rh) and storage temperature are additional factors 

influencing the spoilage fungi defect in bread production. Research showed that when breads 

were stored at 25˚C and 70% Rh, 85% of bread spoilage was caused by P. rougueforti and less 

than 7% due to yeast spoilage (Smith et al., 2004).  Penicillium spp. has been shown to be 

predominant in 90 to 100% of bread loaves that were constituently collected from 46 bakeries 

over a one - year period, and packed in plastic bags and stored at 22˚C for five - six day; 

Aspergillus species and Cladosporum species were observed in nearly 50% of the loaves, 

however. Other research showed that 5 to 30% of all samples were contaminated by Chalk 

moulds (Pithia burtonii) during most of the months of a year, but that the highest contamination 

occurred in September (Legan and Voysey, 1991). 

 Mould spoilage contamination occurs mainly in the post-bakery period. Freshly baked 

bread is free of viable vegetative moulds and moulds spores due to thermal inactivation during 

the baking, even though mould spores loaded in the dry ingredients before bakery (Pateras, 

2007). In the process of cooling, slicing, packaging and storage, however, bread is easily 

contaminated by mould spores from air or from processing equipment (Ponte and Tsen, 1978). In 

general, the cut surface of sliced bread offers an ideal growth medium for growing mould, which 
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grows more rapidly on wrapped bread when moisture in the forms of droplets of water condenses 

on the inner surface of wrapping material (Pateras, 2007).  

 

2.2.2 Yeast spoilage 

  

 Yeast spoilage is response for off-odours in bread originating from fermentative yeast 

with visual colonies being formed by filamentous strains (Legan and Voysey, 1991). The latter 

group is of main concern given that the strains are typically resistant to preservatives such as 

propionates and sorbates that commonly applied and disinfectants than other moulds (Pateras, 

2007). The most of filamentous yeasts have an optimum growth temperature in the range of 15-

35°C, with a pH value of 4.5-4.8, but some species such as Pithia burtonii and Torulaspora 

delbrueckii can grow at 5°C. Yeast spoilage contamination, like mould spoilage, occurs during 

the cooling and slicing periods. One of the main sources of contamination is dirty equipment 

(Legan and Voysey, 1991). The spoilage yeast of Endomyces fibuliger “chalk mould” is O2-

tolerant, and could not be prevented by any tested MAP (Shur and Nielsen, 2005). 

 

2.2.3 Bacterial spoilage 

 

 The major bacterial problem in bread is ‘rope’ caused by primarily Bacillus subtilus 

(Viljoen and von Holy, 1997) and occasionally Bacillus cereus, B. pumilus and B. licheniformis 

(Pepe et al., 2003). Bacillus spores are commonly acquired on the growing grain and survive 

post-harvest treatments including the baking process. Under high humidity, Bacillus spores can 

undergo germination and outgrowth leading to production of amylase that degrades the starch to 

produce rope-like structures referred to as Ropy Bread (Pateras, 2007; Smith et al., 2004). The 
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frequency of bread spoilage caused by ‘Rope’ has been reduced in many countries by the used of  

propionates and other prevention strategies avoiding the risks of bread without chemical 

preservatives (Pateras, 2007).  

2.3 Utilization of antimicrobials in bread production 

 

To extend the shelf-life of bread there is a need to prevent initial contamination of the 

product or inactivate/suppress microbial growth. Intervention techniques that include UV, 

microwave irradiation, infrared radiation and modified atmosphere packaging have been 

demonstrated to extend the shelf-life of bread. Practical application of these techniques is 

however limited due either to cost or lake of effectiveness, also or low residual antimicrobial 

activity is an additional factor (Pateras, 2007; Smith et al., 2004).  

 

2.3.1 Chemical preservatives 

 

Propionic and sorbic acids are widely used as preservatives to inhibit or slow down the 

growth of microbiological spoilage in bread (Legan, 1993a). Propionates (Na C2H5CO2 and Ca 

(C2H5CO2)2), the most commonly used, have shown strong inhibition against moulds and 

Bacillus spores, but not for yeasts (Ponte and Tsen, 1987; Smith et al., 2004; Legan and Voysey, 

1991). Antimicrobial activity of propionic acid was originally identified by Kiesel in 1913. In 

1939, a research group headed by Hoffman patented propionic acid and its salts as mould 

inhibitors in bread (Legan, 1993a). In bread, the types and doses of propionates recommended 

are between 0.1 and 0.2% of flour weight as shown in Table 1 (Pateras, 2007). However, in 

practice there is a broad range of concentrations applied depending on the application and 

regulations in place. In Europe, the concentrations permitted in bakery products are up to 3000 
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ppm for propionic acid and 2000 ppm for sorbic acid (European Union, 1995). In the United 

States, the maximum level permitted in bread for propionic acid and propionates is 0.25-0.5% 

(w/w), and for surface sprayed sorbate is 0.1-0.6% (w/w) (Grundy, 1996).  

         Table 2.1 Types of propionates and doses recommended in bread  

Antimicrobial agents Doses (% w/w flour)             application   method         

Propionic acid            0.1
1
   

Calcium propionate            0.2
1
    Dry blend  

Sodium propionate            0.2
1
    Dry blend  

Sodium dipropionate (70% solution)            0.2
1
    Dry blend  

Sorbates         0.6-3.8
2
     Surface spraying  

               Adapted from 
1
Pateras, 2007; 

2
Smith and others, 2004  

 

Sorbate has been reported to be more effective on yeasts inhibition than propionic acids 

(Legan and Voysey, 1991), while sorbic acid and potassium sorbate effectively inhibit B. 

subtilis, but not most bacteria (Smith et al., 2004). Additionally, sorbates have an adverse effect 

on bread fermentation that is yeast leavened, especially from problem with volume reduction of 

the loaf (Legan and Voysey, 1991).                

Ethanol has been demonstrated to exhibit fungistatic or fungicidal activity at  

concentrations in the order of 0.5 to 3.5 % of loaf weight (Legan, 1993b). Shelf life extension 

was correlated with the concentration of ethanol employed, which has been shown in both 

surface spraying of bread loaves and active packaging (Seiler, 1984). However, ethanol showed 

stronger inhibition of mould rather than that of yeasts. For instance, white bread can be kept 

mould-free for more than 60 days at 22 °C when packed in a higher barrier package with an 

ethanol carrier containing ethanol at a level of 1% of bread weight, chalk moulds will, however, 

visibly presented in the bread loaf after ten days storage (Legan and Voysey, 1991).  There was 

also an unacceptable odour that affected the sensory quality of the bread (Seiler, 1984). As a 
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result, other solutions are needed for increasing mould-free shelf life. One such way was that 

employed ethanol emitter in combination with oxygen absorbers for sliced rye bread (Salminen 

et al., 1996) and durum wheat bread (Del Nobile et al., 2003). 

 2.3.1.1 Chemical preservatives: mechanism of action 

 

The mechanism of acid action on microbial growth is not totally understood. It has been 

postulated that the inhibitory activity of organic acids and their salts is derived from the 

undissociated acid for that freely diffuses across the cell membrane (Stratford and Anslow, 1998). 

Upon entering the cell the organic acid becomes dissociated and the released proton results in 

acidification of the cytoplasm which negatively affects enzyme function. Consequently the 

metabolic pathways exhibit decreased activity and hence energy depletion (Brul and Coote, 

1999). The antimicrobial effect of weak organic acid is pH- dependent, because the antimicrobial 

activity of the undissociated acid is much stronger than the dissociated acid (Guynot et al., 2005). 

Maximum pH for activity of sorbate is around 6.0–6.5, and for propionate around 5.0–5.5 

(Liewen and Marth, 1985). The preservation effect of propionates is enhanced at low pH. For 

instance, calcium propionate has shown stronger antimicrobial activity on a range of visible 

spoilage yeasts in continental bread with a pH value of 4.25 than on that with a pH of 5.25 

(Legan and Voysey, 1991).  

 

2.3.2 Natural preservatives  

2.3.2.1 Essential oils 

   

Essential oil, an aromatic hydrophobic liquid extracted from herbs and spices, has 

attracted considerable interested for food preservation because of its natural antimicrobial 
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properties (Holley and Patel, 2005; Suhr and Nielsen, 2003). Oils containing antimicrobial agent 

of thymol (thyme), eugenol (clove), cinnamic aldehyde (cinnamon), allyl isothiocyanate 

(mustard), camphor (rosemary), carvacrol (oregano) (Tajkarimi et al., 2010) and citral isomers 

(lemongrass) promise antimicrobial effects (Suhr and Nielsen, 2003), with oregano, clove, 

cinnamon, rosemary, thyme, sage, and vanillin showing particular antimicrobial effects on 

Gram-positive bacteria (Holley and Patel, 2005). Large molecular weight essential oils have 

higher efficacy when incorporated into the product formulation with the more volatile low 

molecular weight compounds are better applied in the vapour phase (Nielsen and Rios, 2000). 

Mustard oil has been found to be potent for a broad spectrum of spoilage and pathogenic 

microorganism both in vitro (Delaquis and Sholberg, 1997; Isshiki et al., 1992) and in vitro 

(Mari et al., 2008; Obaidat and Frank, 2009a).  

 

2.4 Mustard oil 

2.4.1 Occurrence of allyl isothiocyanates (AITC) in mustard 

 

AITC is derived from the glucosinolates (sinigrin), which are secondary metabolites and 

exists widely in the Brassicaceae family, such as broccoli, mustard, horseradish and wasabi 

(Nielsen and Rios, 2000). Each plant is dominated by one major glucosinolate (Mari et al., 1993). 

For instance, in white mustard the glucosinolate known as sinalbin is the major dominant and its 

oil contains 80% butenyl isothiocyanate (B-ITC), and 12% allyl isothiocyanate. Brown mustard 

(Brassica juncea) oil is 85% AITC and 10% B-ITC (Attokaran, 2011).  Glucosinolate is also 

compartmentalized in the vacuole and released when Brassicaceae plant tissues are damaged by 

cutting, chopping or smashing, or when the seeds are milled (Luciano et al., 2011).  
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The conversion of glucosinolate into AITC in mustard occurs when glucosinolate 

interacts with the membrane-bound enzyme myrosinase (a thioglucoside glucohydrolase, EC 

3.2.3.1) in the presence of water (Fig. 4). As showing in Fig. 4, the glucosinolate is hydrolysed to 

form glucose, an aglycone moiety and sulphate (Delaquis and Mazza, 1995; Vig et al., 2009). 

The aglycone moiety is an intermediate compound, extremely unstable, and further degrades to 

thiocyanates, nitriles, isothiocyanates, epithonitriles, oxazolidine-thiones, and released element 

sulphur. The formation of each one of these products is the structural characteristics of the 

glucosinolate cleaved and the reaction conditions of pH and the presence of other substances 

dependency (Mari et al., 1993; Vig et al., 2009). Among them, the group of isothiocyanates were 

responsible for the antimicrobial effects (Nielsen and Rio, 2000), which contains diverse 

compounds of benzyl isothiocyanate, phenethyl isothiocyanate, and AITC (Delaquis and 

Sholberg, 1997; Hashem and Saleh, 1999; Shin et al., 2004). The major hydrolysis product in 

mustard and mustard (B. juncea) meal is AITC. 
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                                                                     Allyl isothiocyanate 
                        
Fig. 2.3 Allyl isothiocyanate in B. juncea generated from glucosinolate hydrolysed by the 

enzyme myrosinase in the presence of water (adapted from Vig et al., 2009). 

 

2.4.2 Antimicrobial activity of Mustard oil  

 

AITC (C4H5NS) is a major antimicrobial constituent in brown or oriental mustard (B. 

juncea) (Suhr and Nielsen, 2003). The content of glucosinolate differs among mustard  products, 

with meal, at 170 µmol/g, being higher than seeds at 140 µmol/g (Tsao et al., 2000). The 

potential of AITC as a food preservative has been proposed by Isshiki and others (1992). The 

minimum inhibitory concentration of AITC required on the growth of the most commonly 

encountered moulds in vitro was 0.016 to 118 µg/mL to yeasts was 0.016 to 0.037 µg/mL and 
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bacteria was 0.034 to 1000 µg/mL (Delaquis and Sholberg, 1997; Isshiki et al., 1992; Tsunoda, 

1994).   

Antifungal and antibacterial activity of AITC has also been examined and under 

investigation in a number of food systems (Table 2).  In bakery, the addition of 2 ppm AITC 

inhibited the growth of Penicillium. roqueforti, P. corylophilum, Eurotium repens, A. flavus and 

Endomyces fibuliger on rye bread slices in airtight environment (Suhr and Nielsen, 2003). 

Similar result was achieved on rye and wheat bread artificially inoculated with molds. Total 

inhibitory obtained on a rye bread slice in modified atmosphere packaging (85% CO2, 1% O2) 

combined with 2 µL mustard oil and with 2-3 µL mustard oil on a wheat bread slice packaging 

(Suhr and Nielsen, 2005). Population of Samonella, Listeria, E. coli O157:H7 on roast beef 

(Ward et al., 1998), ground beef (Chacon et al., 2006), and lettuce and spinach (Obaidat and 

Frank, 2009a) were effectively inhibited or killed by applying AITC ranging from 20 to 4980 

ppm.    

A concentration of AITC between 5 and 100 ppm was tested the growth of grey rot on 

pear and brown rot on peaches (Mari et al., 2008; Mari et al., 2002), A. alternate netted melon 

(Troncoso-Rojas et al., 2009); and Salmonella, E. coli O157:H7 on tomato and lettuce (Lin et al., 

2000b; Obaidat and Frank, 2009b).  
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Table 2.2 Mustard (AITC) as natural antimicrobial agent for food preservative 

  Food  AITC Organisms Temp. ℃ Effect Reference 

 
Wheat bread 2-3 ppm P. corylophilum 25 inhibition Suhr & Nielsen (2005) 

 
Rye bread 2 ppm P. roqueforti 25 inhibition 

 

Bakery (combined with P. commune 25 inhibition 
 

 
MAP) 

 
P. solitum 25 inhibition 

 

   
A. flavus 25 inhibition 

 

   
E. fibuliger 25 inhibition 

 

   
E. repens 25 inhibition 

 

 
Sandwich  ＞200 ppm Penicillium spp. 25 inhibition Sikes, et al. (2005) 

      Aspergillus spp. 25 inhibition   

 
Roast beef 20 mg/ml E.coli O157: H7 12 bacteristatic Ward et al. (1998) 

   
S. Typhimurium 12 bacteristatic 

Meat 
  

S.anreus 12 bacteristatic 

   
L.monocytogenes 12 bacteristatic 

 
Ground beef >1481 ppm E.coli O157: H7 4 bacteristatic Chacon et al., 2006 

    4980 ppm E.coli O157: H7 4 bactericidal 

 
Pear 5ppm 

P. expansum 

104/mL 
20 100% Mari et al. (2002) 

  
5ppm 

P. expansum 
106/mL 

20 20% 
 

 
Peach 5mg/l Monilinia laxa 20 100% Mari et al.  (2008) 

 
Nectarine  5mg/l Monilinia laxa 20 90% 

 

 

Tomato 

(Cutting) 
8.3μl/l Salmonella 4 1-log Obaidat & Frank (2009) 

  
8.3μl/l Salmonella 10 3.5-log 

 

  
8.3μl/l Salmonella 25 2.8-log 

 

  
8.3μl/l E.coli O157: H7 4 3-log 

 

  
8.3μl/l E.coli O157: H7 10 3-log 

 

Fruits 
Tomato 

(Whole) 
8.3μl/l Salmonella 4 <2-log 

 

Veg. 
 

8.3μl/l Salmonella 10 <2-log 
 

  
8.3μl/l Salmonella 25 1.3-log 

 

 

Netted 

melon 
0.5 mg/mL A.alternata 20 fungicidal Rosalba Troncoso-Rojas et al. (2009) 

 
Lettuce  100ppm E.coli O157: H7 4 8-log Lin et al. (2000) 

  
100ppm Salmonella 4 8-log 

 

 
Tomato 100ppm Salmonella 4 5-log 

 

 
  ＞100ppm E.coli O157: H7 4 3-log   

 

Although antimicrobial activity of AITC varied widely from one investigation to another 

both in vitro and in different food systems, antimicrobial efficiency was highly correlated with 

the AITC concentration applied, the time of exposure to AITC, strains,  microbial loading and 
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temperature (Delaquis and Sholberg, 1997). It was especially related to the factors of food 

composition, pH and water activity, and involved the diffusion of AITC vapour in food 

packaging systems (Lin et al., 2000b; Mari et al., 2008; Mari et al., 2002; Obaidat and Frank, 

2009a; Suhr and Nielsen, 2003; Troncoso-Rojas et al., 2009; Wu et al., 2011).       

The combination of AITC vapour with either Modified Atmosphere Packaging (MAP) or 

Active Packaging (AP) enhances the potency of the preservative (Isshiki et al., 1992; Suhr and 

Nielsen, 2005; Nielsen and Rio, 2000). Bread packed with an AITC in fungicidal concentration 

using a permeable film such as polyethylene or ethylenevinyalcohol film allowing AITC vapour 

is evaporates rapidly leaving fewer residues after destroying microorganisms on the products. 

This action minimizes impact on sensory attributes of the product (Nielsen and Rios, 2000). 

However, a disadvantage of applying AITC in the vapour phase is that no residual antimicrobial 

activity occurs with the consequence of any post-treatment contamination resulting in reduced 

shelf-life (Delaquis and Mazza, 1995; Worfel et al., 1997). Relevant to the current thesis, a more 

prolonged antimicrobial effect would be to control the generation and release of AITC through 

using the from sinigrin-myrosinase system in defatted mustard meal as opposed to applying 

purified preparations of the essential oil (Mari et al., 2002).                                                         

 

2.4.3 Ally isothiocyanate: mechanism of action  

 

The mode-of-action by which AITC elicits antimicrobial activity remains unknown 

although has been through reacting with a broad range of cellular constituents (Delaquis and 

Sholberg, 1997; Wu et al., 2011). AITC reaction with nucleophiles such as amines, thiols, 

hydroxyls and sulfites has been reported (Luciano et al., 2011). An early study of yeasts (Kojima 

and Ogawa, 1971) hypothesised that the mechanism of action resulted from the inhibition of 
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cytochrome c oxidase, which is a specific enzyme in the electron transport chain that acts an 

uncouples of oxidative phosphorylation (Suhr and Nielsen, 2004). However, the inhibitory 

properties of this compound on facultative anaerobes showed the action counts for the non-

specific inactivation with other key enzymes or proteins through cleavage of disulfide bonds of 

AITC (Lin et al., 2000a). 

 

2.4.4 Safety of allyl isothiocyanate 

 

AITC is widely used as a condiment to enhance the flavors of food and provide a burning 

sensation desired by consumers (Holley and Patel, 2005). Given the long history of AITC food 

applications there has been relatively little work undertaken with respect to toxicology aspects. It 

has been suggested that a daily intake of less than 25 mg/kg/day represents no safety risk (Isshiki 

et al., 1992). In the U.S, AITC is permitted to be added to food as a flavouring agent (Worfel et 

al., 1997), and regulations allow use of mustard seed oils in the form of an antibacterial film for 

various foods (Worfel et al., 1997).  

Even though the use of AITC has an implication for food taste due to the pungent odour, 

preliminary data shows a very low remnants of this compound has been detected on the food of 

beef (Isshiki et al., 1992), pears (Mari et al., 2008), and baked bread (Worfel et al., 1997) 

preserved with AITC vapour. Therefore, the residual level of AITC in vapor preserved foods is 

too low to pose safety issue to human health (Mari et al., 2008). Both AITC odour intensity and 

residual level can be avoided or minimized by selecting appropriate concentration used in vapour 

application for food preservation (Committee of Experts on Flavouring Substance, 1999).  

Mustard meal used as a bulking agent for food has strong antioxidant activity and high protein 

content, as well as being cost-effective as a preservative (Sikes et al., 2005).  
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Therefore, this research was conducted with the following three objectives:   

1) To develop a model system of AITC delivering from crude defatted oriental B.  juncea 

meal in situ;   

2) To determine the growth inhibitory and decontamination efficacy of AITC vapour 

generated from defatted oriental B.  juncea meal on white bread; and 

3) To verify the antifungal activity of mustard meal as a natural preservative on packaged 

white bread. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



21 

 

Chapter 3 

Release rate of allyl isothiocyanate from sachets containing oriental defatted 

mustard (B. juncea) meal in a controlled model system 

 

3.1 Abstract 

 

Allyl isothiocyanate (AITC) is a major constituent of defatted oriental mustard meal and 

is a natural preservative against a broad spectrum of microorganisms encountered in foods. AITC 

can be generated when glucosinolate (sinigrin) precursor is converted by a membrane-bound 

enzyme myrosinase in the presence of water. In this study, a natural antimicrobial delivery 

system (sachet) was developed to generate AITC in situ through a sinigrin-myrosinase reaction 

in defatted oriental mustard (B. juncea) meal. The effect of thickness of the plastic film (linear 

low density polyethylene; LLDPE) on the AITC vapour permeation and diffusion was evaluated. 

The headspace concentration of AITC released from 5 to 1000 mg of defatted oriental mustard 

meal in an air-tight controlled model system at 23C was measured at 0.5, 1, 4, 5, 6, 24, 48 and 

72 h time intervals. In addition, the change of headspace AITC concentrations in a controlled 

bread model system was also investigated. The results showed that permeation and diffusion rate 

of AITC vapour derived from B. juncea meal packed with thin film (1 mil, oxygen transmission 

rate (OTR) of 2410 cm
3
/mil/m

2
/day) was higher than that from a thicker one (1.75 mil, OTR 

6509 cm
3
/mil/m

2
/day). AITC concentration in a closed system was dependent on the amount of 

mustard meal and time.  The highest level of AITC concentration was observed at 4 h and then 

progressively decreased. AITC in the headspace of the controlled bread model system was also 

highly correlated to the amount or volume of bread.  
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3.2 Introduction 

 

Mustard is an oilseed that has been consumed as a condiment for centuries (Yu et al., 

2007). Canada is one of the largest producers and exporters of condiment mustard in the world.  

Mustard belongs to the plant family Brassicaceae, which contains a unique group of secondary 

metabolites called glucosinolates (GLS).  Three species of mustard are cultivated and milled into 

flour as a source of condiment in Canada.  The flour of yellow mustard (Sinapis alba) is used for 

Dijon-type prepared mustard paste with “mild hotness”, whereas brown and oriental mustard 

(Brassica juncea) flour both possess a volatile oil that contributes to their “sharp hotness” (Yu et 

al., 2007).  Mustard meal, a by-product after mustard seeds milling (Mustafa et al., 1999) and the 

bio-diesel industry, contains different levels of GLS. The highest content of GLS exists in B. 

juncea among the three species mentioned above. Additionally, the level of GLS are varied in 

the different plant tissues, for instance, up to 170 µmol/g of GLS was found in B. juncea meal, 

which is higher than that in the seeds (140 µmol/g) (Tsao et al., 2000).   

Glucosinolates are compartmentalized in the vacuole of Brassicaceae plant tissues. They  

are not toxic, but their enzymatic breakdown products, isothiocyanates, particularly allyl 

isothiocyanate (AITC) can be toxic depending on the dose (Mari et al., 2002). GLS and 

myrosinase are stored separately in intact plant tissues before pressed. They come together in the 

presence of water at moderate temperatures of 20 to 50°C (Shikita et al., 1999; Warton et al., 

2001). The conversion of a GLS such as sinigrin into AITC in a mustard seed occurs rapidly 

when the converted by myrosinase (a thioglucoside glucohydrolate, EC 3.2.3.1), a membrane-

bound enzyme (Delaquis and Sholberg, 1997). Therefore, B. juncea meal cannot be directly used 

in animal feeds and human diets because of the potential toxic effects of high AITC 

concentration (Tripathi et al., 2001).  Recently, the potential uses of GLS for value-added 
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products, such as pest control agents, possible drug ingredients, and food flavors, have attracted 

researchers' attention. However, due to the strong antimicrobial activity of AITC, its applications 

in foods as a natural preservative remain of interest. As a result, AITC (mustard oil) has been 

commercially extracted and investigated. Antimicrobial devices, such as Wasaouro® system 

containing purified AITC oil derived from plants, have been developed and are currently used as 

a food preservative in Japan (Worfel et al., 1997). Antimicrobial actions of AITC applied to 

aqueous and gaseous phases against a wide range of pathogenic or food spoilage microorganisms 

associated have been extensively documented. The strong antimicrobial properties of AITC have 

been demonstrated in vapor phase both in vitro and in vivo (Delaquis and Sholberg, 1997; 

Nielsen and Rios, 2000). Mari et al. (1993) showed that gaseous AITC was effective in inhibiting 

conidia germination and mycelia growth of Penicillium expansum, Botrytis cinerea, Rhizopus 

stolonifer, Monilinia laxa and Mucor piriformis. The antibacterial actions of AITC vapor have 

been proven effective in reducing contaminations caused by Samonella, Listeria, E. coli 

O157:H7 and in extending the shelf-life of roast beef (Ward et al., 1998), ground beef (Chacon et 

al., 2006), and lettuce and spinach (Obaidat and Frank, 2009a). In general, moulds and yeast are 

more sensitive to AITC than bacteria, and the Gram negative bacteria were more sensitive than 

Gram positive bacteria.  Additionally, the antimicrobial potency of AITC as a food preservative 

is enhanced when combining AITC (Suhr and Nielsen, 2005) vapour with either modified 

atmosphere packaging (MAP) or active packaging (AP) (Isshiki et al., 1992; Nielsen and Rios, 

2000).    

The inhibitory effect of AITC vapour against food microorganisms varied among 

different investigations. Apart from strains and population of the microorganisms studied, the 

headspace concentration of AITC and the residence time in a packaging system are key factors 
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(Abadias et al., 2008; Delaquis and Sholberg, 1997; Nielsen and Rios, 2000; Suhr and Nielsen, 

2003)The latter two depend on the permeability, solubility and diffusion of AITC in the 

packaging film structure (Lim et al., 1998b).  In addition, the antimicrobial activity of AITC can 

also be influenced by the nature and surface area of the product (Suhr and Nielsen, 2005).  A 

large number of pores in the bread texture  tend to trap gases (Galic et al.), which is more 

accessible to AITC and hence achieves greater penetration. Suhr and Nielsen (2000) suggested 

that a fungicidal concentration of AITC could be applied when packaging bread with a 

permeable packaging film, such as film made of polyethylene (PE) or ethylenevinyalcohol 

(EVA) (Lim et al., 1998a; Sekiyama et al., 1995) will transmit through the packaging film to 

decontaminate the product surface. Using purified AITC as an antimicrobial agent is limited in 

food applications because of its high volatility and strong pungent odor (Delaquis and Mazza, 

1995; Worfel et al., 1997). The solution to this problem was offered by the potential for 

generation AITC vapour in situ from the sinigrin-myrosinase system, also called the "mustard oil 

bomb" (Lüthy and Matile, 1984), which has been demonstrated in defatted mustard meal of B. 

carinata and B. rapa (Mari et al., 2008), and B. juncea bran and seeds (Tsao et al., 2000).  

When mustard (B. juncea) bran was soaked in pure water at room temperature, sinigrin 

was dissolved within 2 to 5 min and reached its highest level in the first 2 min.  The dissolved 

sinigrin was then rapidly degraded to AITC, presumably upon contact with the simultaneously 

released myrosinase.  In addition, the biological activity was much higher with mustard bran or 

seed derived AITC than that of the same concentration of pure AITC (Tsao et al., 2000). A 

similar result was found by Kanemaru and Miyamoto (1990), which demonstrated that same 

level of inhibitory effects were achieved by using 0.1% mustard (equivalent to 9.4 ppm of AITC) 

and 12.3 ppm of purified AITC against E. coli on agar. 
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Therefore, the objectives of this study were: 1) to develop an antimicrobial device to 

generate AITC directly from defatted B. juncea meal and to understand how packaging material 

such as the thickness of a plastic film affect the headspace concentration of AITC; 2) to provide 

basic information on the kinetics of sinigrin and AITC in such a device; and 3) to understand the 

release of AITC in bread model system. The results will provide useful information on 

developing a novel preservative using defatted B. juncea meal as a source of AITC for the food 

industry, particularly the baking industry.   

 

3.3 Material and Methods 

 

The defatted oriental mustard meal (OMPS) was provided by the Sakai Spice Corporation 

Saskatoon, SK. Canada. The meal samples were derived from batches of B. juncea. The content 

of glucosinolate was 6% w/w as determined by AITC content.  

Ziploc® sandwich bags (1mil, 16.5 x 14.9 cm) and Ziploc® Storage Bag (1.75mil, 17.7 x 

19.5 cm) food bags (polyethylene-linear low density; LLDPE) were purchased from a local 

market.  

 

3.3.1 B. juncea meal sachet  

 

 B. juncea meal sachet as an antimicrobial device was consisted of a plastic bag, a 

glucosinolate – myrosinase reaction system which includes a certain amount of defatted oriental 

mustard meal and water capsule (Fig. 3.1). The plastic sachet was made by manually sealing two 

layers of plastic film either from 1 mil LLDPE film (oxygen transmission rate (OTR) 6509 

cm
3
/mil/m

2
/day) or from 1.75 mil LLDPE film (OTR 2410 cm

3
/mil/m

2
/day).  Water capsule was 



26 

 

made also by sealing Ziploc
®
 Sandwich Bag and filled with deionized water manually. AITC is 

generated when the water capsule is broken, the water then activates the native myrosinase, 

which hydrolyzes sinigrin and consequently leads to generation of AITC. The AITC vapor can 

then penetrate through the plastic film and is released into the food packaging. A vacuum 

packaging seal machine (Food saver, professional Π, China) was used for sealing the plastic 

films of the sachets. 

 

 

 

 

                                           Fig. 3.1 B. juncea meal sachet   

 

3.3.2 Thickness of the plastic film on AITC delivery 

 

 The release of AITC from plastic films of different thickness into a headspace was 

evaluated in a 125-mL airtight screw-capped glass jar (I-Chem Brand clear glass Septa Jar, 

Thermo Fisher Scientific, Rockwood, TN, USA). Lids were holed (1 mm i.d.) in the centre and 

were sealed with septum for sampling of the headspace gas. Jars were washed with hot soapy 

water, rinsed thoroughly and autoclaved before use. Lids were sterilized with 70% ethanol and 

dried in a laminar flow hood. Two types of B. juncea sachets were prepared. The thicker ones 

(1.75 mil) were made using Ziploc
®
 Storage bags (OTR 2410 cm

3
/mil/m

2
/day), and the thinner 

ones (1 mil) using Ziploc
®
 Sandwich bags (OTR 6509 cm

3
/mil/m

2
/day). The sachet was first 

packed with 1 g of defatted mustard meal and then inserted a capsule containing 1.5 mL of 

Plastic film (1 mil or 1.75 mil) 

Mustard meal (B. juncea) 

Water capsule Glucosinolate -

myrosinase system 
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deionized water. The sealed B. juncea sachet was placed into a jar immediately after the water 

capsule was manually quizzed up and then the lid was closed tightly.  

The concentration of the gaseous AITC formed from the sachet inside the jar was 

analyzed using gas chromatography (GC). Headspace gas (100 µL) was taken with a gas tight 

syringe (500 µL, Hamilton Co., Reno, NV, USA) and injected manually into a GC (Agilent 

Technologies 6890 N Network System, Palo Alto, CA, USA) at 1, 4, 24 and 48 h.   The gas 

chromatograph was equipped with a splitless injection port (flushed after 0.15 min), a flame 

ionization detector (FID), a 100 m x 0.25 mm CP-Sil 88 fused capillary column (Varian, 

Middelburg, Netherlands). The inlet temperature was set at 200
 o 

C with a  detector temperature 

of  250 
o 
C. H2 served as carrier gas (5 mL/min), and the FID gases were H2 (40 mL/min), N2 (40 

mL/min), and purified air (450 mL/min). The temperature program was as follows: initial 

temperature of 60
 o 

C was held for 1 min, raised at 8
 o 

C/min until 100
 o 

C and held for 5 min, then 

raised at 15
 o 

C/min until 200 
o 

C; totalizing 17.67 min per sample analysis. Identification of 

AITC was done by matching the retention time of the standard, and quantification by using a 5-

point standard curve (0.5 – 50 ppm AITC). Triplicate sampling was conducted by taking each 

draw from 3 different jars in the measurement. Identification of AITC was done by comparing 

the retention time with the standard, and quantification with a 5-point standard curve (0.5 – 50 

ppm AITC). 

 

3.3.3 Release of AITC from B. juncea sachets as affected by a varied amount of meal in a model 

system        

                                                                                                         

A model system similarly used by others (Delaquis and Sholberg, 1997) was used to 

detect the concentration of AITC in the headspace. B. juncea sachets packed with 5, 25, 50, 100, 
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250, 500, 750 or 1000 mg of defatted B. juncea meal and a water capsule prepared at a ratio of 1: 

1.5 (w/v) of meal to H2O were used to test the release rate of AITC under different conditions. 

The B. juncea sachet was placed into the jar immediately after hydration by breaking the water 

capsule (Fig 3.2).  The jars were then sealed tightly with a lid and placed on the bench then 

stored at room temperature (23°C). AITC in the headspace of the 1-L Mason jar was analyzed by 

GC using the same method as described above. A sample (100 µL) of the headspace was 

withdrawn with a gas tight syringe through the septum in the lid at 0.5, 1, 4, 5, 6, 24, 48 and 72 

h.  

 

 

 

 

 

 

Fig. 3.2 a model system used to detect the AITC generated and delivered from the B. juncea 

sachets in a 1-L Mason jar.  

 

3.3.4 Release of AITC from B. juncea sachets as affected by bread in a model system 

 

 The effect of headspace concentration of AITC on the preservation of bread was assessed 

in the same model system as shown in Fig 3.2.  The sliced bread (1.2x1.3 cm, 0.7 cm thick) with 

no calcium propionate 0.2% (w/w) sample was placed into the jars. (20, 50 or 100 mg sliced 

bread were weighed and inserted into jars, respectively. In this experiment, all B. juncea sachets 

were packed with 1 gram of meal, and a water capsule prepared at a ratio of 1: 1.5 (w/v) of meal 

Silicon septum 

B. juncea sachets 
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to H2O.  The experiment was executed in the same manner as described above, and the 

headspace AITC was analyzed at 1, 4, 24, 48 and 72 h.  Each time interval (treatment) had three 

replicated jars.       

 

 

 

 

 

Fig. 3.3 a model system used to monitor the headspace AITC generated and delivered from the 

B. juncea sachet in a 1-L Mason jar containing 20, 50, and 100 gram of white bread.  

 

3.4 Statistical analysis 

 

 The mean values and standard deviations were calculated for all the experiments carried 

out in replicate. In addition, a two-way analysis of variance (ANOVA) was performed using 

Tukey’s post-hoc test at the significance level of P < 0.05.  

 

3.5 Results and discussion 

3.5.1 Effect of thickness of plastic films on AITC delivery 

 

The effect of film thickness on the release rate of AITC from mustard meal under 

ambient conditions in the presence of water was evaluated.  The thick film-based sachet (1.75 

mil) had a low oxygen transmission rate (OTR) of 2410 cm
3
/mil/m

2
/24h compared to the thin (1 

mil) packaging that had a OTR of 6509 cm
3
/mil/m

2
/24h.  As can be predicted the AITC diffusion 
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rate was lower in thick films compared to the 1 mil thickness packaging material (Fig 3.4).  

Moisture activated the myrosinase enzyme that increased the conversion of sinigrin to AITC. 

The concentration of AITC reached its highest level in the headspace of 3.3 ppm after 1 h using 

the thin sachet and peaked at 2.8 ppm at 4 h in the jar with a sachet-thick. The headspace 

concentration was significantly higher in the jars containing sachet-thin than that sachet-thick 

(P<0.05). The headspace concentration of AITC reached its highest level both in jars containing 

sachet-thick and sachet-thin at 4 h followed by a slow decrease over a 48h period. By 24 h, more 

than 50% of AITC dissipated from the headspace for both experiments.  The loss of AITC was 

96% and 87%, respectively for the thick and thin film-based sachets at 48 h. In general, the 

headspace concentration of AITC was higher in the jar with a thin-film based sachet within the 

first 24 h, although the trend may be reversed at 48 h or over (Fig. 3.4). In this study, the two 

experiments were only different in film thickness.  The burst of AITC from the thin film-based 

sachet can be therefore explained by the permeability of film, i.e., the thin plastic film was more 

permeable, thus easier for AITC vapour to penetrate, and to dissipate quickly in the flask.  

Similarly, thick films slow down AITC from penetrating through the plastic barrier. This result is 

in agreement with findings in a previous study (Lim et al., 1998b).  

 

 

 

 



31 

 

    

Fig. 3.4 AITC released from B. juncea sachets in 125-mL airtight jars. (Thin film =1 mil; thick 

film = 1.75 mil). Headspace concentration of AITC was measured by GC. Different letters or 

stars (*) indicate significant differences at P ≤ 0.05. 

 

3.5.2 AITC formation from the defatted B. juncea meal   

 

 The headspace concentrations of AITC as affected by the amount of B. juncea meal and 

the ratio of meal/water dependent are shown in Fig. 3.5.  A statistically significant interaction (P 

<0.05) was observed between the headspace concentration of AITC and the amount of B. juncea 

meal in the sachet.  Rehydration of the B. juncea meal stimulated the conversion of sinigrin to 

AITC that accumulated in the headspace of the jar over a 4 h period (Fig. 3.4). However, the 
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amount of mustard meal in the closed system did affect the retention of AITC at its peak 

concentration (duration after it reached the peak concentration at 4 h).  As shown in Fig. 3.5, 

when the amount of mustard meal was below 250 mg, the headspace AITC started to decrease 

significantly at 24 h, whereas, it stayed at similar concentrations till 48 h for meals of greater 

than 500 mg. This finding is significant given the antimicrobial efficacy of AITC is dependent on 

concentration and exposure time (Delaquis and Sholberg, 1997; Mari et al., 2002). The release 

rate of AITC was linearly correlated to the amount of defatted B. juncea meal that is likely 

related to the total amount of precursor and enzyme activity (Table 3.1) (Tsao et al., 2000), (Fig. 

3.6).  The correlation provides a linear equation which serves as a means to predict the amount of 

mustard meal required to suppress or inactivate moulds and other microbes. The model can also 

be used to estimate the half-life of headspace AITC in a fixed volume container to maximize the 

antimicrobial activity of the B. juncea meal. 
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Fig. 3.5   Headspace concentrations of AITC formed in a 1-L Mason jars containing a sachet 

(meal : H2O = 1:1.5 w/v) packed with different amounts of defatted B. juncea meal over time at 

25 
o 

C. Mean values with different letters in the group of the same amount of meal are 

significantly different (P < 0.05; n = 3).  

 

        

Fig. 3.6   Headspace concentration of AITC formed in a 1-L Mason jars containing a sachet 

packed with different amounts of defatted B. juncea meal at 24 h (left) and 48 h (right) 25 
o 
C.  
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Table 3.1   Headspace concentration of AITC formed from a B. juncea sachet packed with 

different amounts of defatted B. juncea meal over time in a 1-L Mason jars at 25 
o 
C 

              Time (h)                          Equation           R 2 

                   0.5               y = 0.3432 x - 0.4657      0.9236 

                    1                           y = 0.0031 x + 0.589       0.9171 

                    4                           y = 0.6843 x - 1.1068      0.9624 

                    5                           y = 0.7164 x - 1.1796      0.9625 

                    6                           y = 0.0048 x+ 0.3787      0.9715 

                   24                           y = 0.0048 x - 0.1909      0.9933 

                   48                           y = 0.0039 x + 0.1806      0.9762 

                   72                           y = 0.0031 x+ 0.0852      0.9956 
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3.5.3 Effect of the amount of bread on the headspace concentration of AITC  

 

 The change of headspace concentration of AITC in the bread model system is shown in 

Fig. 3.7. The AITC concentrations in the headspace of jars was reduced significantly (P < 0.05) 

over time when compared with the control that contained the same amount of mustard meal (1 g) 

and no bread. The headspace concentration of AITC was inversely correlated to the weight of 

bread, for example, at 1 h, AITC in the headspace of jars containing 100, 50 and 20 g bread was 

only 6%, 17% and 36% of that in the control (no bread), respectively. The headspace AITC in 

the control jar (no bread) was at its highest level of 4.7-5.1 ppm between 4 to 24 h with a gradual 

decrease afterward, whereas it was maintained at almost constant but significantly lower levels 

of 0.18-1.78 ppm over the entire experimental period for the jars with different amount of bread.   

The headspace AITC was at 0.4-0.7 ppm, 0.8-1.2 ppm, and 1.6-1.7 ppm in jars with 100, 50 and 

20 g of bread, respectively, from 4 h-72 h.   At the end of the experiment (72 h), the headspace 

AITC were 81%, 66% and 35% of that of the control (no bread) in jars containing 100, 50 and 20 

g bread, respectively.  The reduction of AITC in the headspace of bread-containing jars is most 

likely due to the uptake by the bread (Lin et al., 2000b), and the surface absorption of the 

container (Lim and Tung, 1997) as all other conditions were the same in this experiment.  The 

porous bread was a good adsorbent of AITC as nearly more than 80% of the AITC generated 

from 1 g of defatted B. juncea meal was up-taken by the 100 gram of bread in this experiment 

(Fig. 3.7). 
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Fig. 3.7 Headspace concentration of AITC derived from 1 g B. juncea meal in a 1-L Mason jars 

containing 20, 50 and 100 g bread over time at 25 °C. Each value represents the mean value of 

triplicates ± standard deviation.  
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3.6 Conclusion 

 

AITC, an antimicrobial agent, is a major constitute of the defatted oriental mustard (B. 

juncea) meal. It can be generated in situ enzymically through a sinigrin-myrosinase reaction in 

hydrated defatted B. juncea meal. A natural antimicrobial delivery system (sachet) based on B. 

juncea meal was developed. Release of AITC from the sachet was found to be linearly correlated 

to the amount of the meal included in a closed system and release time dependent at 23°C. AITC 

concentration in the headspace generally peaked at 4 h followed by a gradual decrease. The 

headspace concentration of AITC in a controlled bread model system was highly influenced by 

the amount of bread that presumably reacted with the introduced essential oil vapour.  Thickness 

of the packaging film used for the sachets was also found to significantly affect the rate of 

permeation and diffusion of AITC generated in situ with the delivery system. The thin plastic 

film-based sachet had a higher level of oxygen transmission rate thus was more permeable for 

AITC vapour, and for it to quickly dissipate in the tested model systems. It took longer time for 

thick films to allow AITC to penetrate. This information will help to develop antimicrobial 

devices based on defatted mustard meal B. juncea, which when successful, can add value to this 

otherwise by-product of food processing.  
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Chapter 4 

Antimicrobial activities of defatted oriental mustard meal against moulds on bread 

 

4.1 Abstract 

 

Spoilage caused by mould is a major concern of the bakery industry. The addition of 

chemical preservatives, mainly propionate and sorbate, is a common practice to retard the growth 

of moulds on bakery products. However, through the trend for clean labels and health concerns 

about the preservatives there is a great interest in substituting chemical preservatives with natural 

alternatives. Allyl isothiocyanate is a major derived product of enzymatic hydrolysis of 

glucocyanate (sinigrin) in mustard. In this study, the efficacy of gaseous AITC generated directly 

from a sachet/patch containing Brassica juncea defatted meal on suppression of filamentous 

fungi (Penicillium commune, Penicillium brevicompactum, and Wallemial sebi) isolated from 

moulded bread was investigated: bread plugs containing 0 and 0.2% calcium propionate served 

as negative and positive control, respectively. Results showed that growth of the Penicillium spp. 

and Wallemial sebi was inhibited in the presence of 0.7 – 1.3 ppm AITC in the head space 

(released from 50-100 mg defatted mustard meal B. juncea) for 28 days in a sealed bread model 

system at 23°C.  The effect could be either fungistatic or fungicidal depending on the AITC 

concentration.  Active packaging combined with 2 to 3 g of B. juncea meal in patch extended the 

shelf life of sliced white bread for 14 days at 23 °C. Calcium propionate at 0.2% also inhibited 

the mould growth, but was less effective compared with AITC treatments. Results from the study 

demonstrated that defatted B. juncea meal an effective alternative to currently used calcium 

propionate applied in baked products. 
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4.2 Introduction  

 

Mould spoilage caused mainly by Penicillium and Aspergillus is a major and costly 

problem in bakery industry (Cauvain et al., 2007; Legan, 1993a). In the U.S. alone, losses caused 

by microbiological spoilage in-plant and in-store spoilage only are estimated to be 1 to 3% or 

over 90 million kg of products annually. Apart from greatly limitation of the shelf life, moulds 

are responsible for off-flavour, production of mycotoxins and allergic compounds that may be 

formed before the mould growth shows visible signs (Degirmencioglu et al., 2011; Legan, 1993a; 

Nielsen and Rios, 2000). Mould spoilage is the result of post-baking contamination occurred 

during the processing of cooling, slicing and wrapping, because fungal spores are destroyed 

during the baking processing. In general, addition of chemical preservative such as calcium 

propionate or sorbate is a common practice used to minimize microbial spoilage in bakery 

industry (Guynot et al., 2005; Mari et al., 2002;  ar  n et al., 2002). However, weak organic 

acids used as preservatives act as fungistats rather than as fungicides (Suhr and Nielsen, 2004). 

Other methods, including modified atmosphere packaging (MAP) (Guynot et al., 2003; Nielsen 

and Rios, 2000), microwave (Lakins et al., 2008) and ethanol emitter or ethanol emitter 

combined with an oxygen absorber (Latou et al., 2010), radio frequency and hot air 

pasteurization (Liu et al., 2011), and addition of the novel ingredients such as the use of cultured 

products, vinegar, or raisin juice (Legan, 1993a) also show promise. Practical application of 

these techniques is however limited due to either cost or lack of effectiveness (Pateras, 2007; 

Smith et al., 2004). To meet the trend for clean labels there is a need to reduce the number of 

additives but still ensure the expected shelf life of 14 days or more.  

Spices and essential oils containing phenolic or non-phenolic compounds with 

antimicrobial proprieties, such as cinnamic aldehyde (cinnamon), eugenol (cloves), thymol 
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(thyme) (Hocking et al., 2005) and allyl isothiocyanate (mustard) (Isshiki et al., 1992) have been 

shown a novel promise. Studies have demonstrated that mustard oil is a broad spectrum 

antimicrobial agent with bacteriostatic, bactericidal, fungistatic and fungicidal activities at a low 

concentration (Delaquis et al., 1997; Isshiki et al., 1992). The antimicrobial activity of AITC was 

more efficient when applied in vapour phase than in liquid phase and then the oils of bay, 

cinnamon, clove, lemongrass, orange, sage, thyme and two rosemary oils that were screened 

(Suhr and Nielsen, 2003). The minimum inhibitory concentration (MIC) of AITC vapour on 

spoilage fungi and bacteria, and food pathogens were 0.034-1.5 ppm for bacteria (Delaquis et al., 

1997; Isshiki et al., 1992), and 0.016-0.1ppm for fungi and yeast (Delaquis et al., 1997; 1995; 

Isshiki et al., 1992).  Additionally, the effectiveness of mustard oil (containing mainly AITC) as 

a food preservative to control spoilage and foodborne contaminations and to extend shelf life of 

foods has been examined. Yellow mustard meal caused a 5-log drop in E. coli O157:H7 numbers 

in < 18 days when added to dry fermented sausage (Luciano et al., 2011). The lowest level of 

AITC 8.3 µL/L of air inactivated Salmonella on sliced tomatoes by 1.0 and 3.5 log at 4 and 

10 °C, respectively, in 10 days, and by 2.8 log at 25 °C in 10 h; and E. coli O157:H7 on 

sliced/whole tomatoes surface by 3.0 log CFU per tomato at 4 °C in 10 days (Obaidat and Frank, 

2009a). Suhr and Nielsen reported that AITC at 1 µL/L air was fungicidal against Penicillium 

roqueforti, P. corylophilum, Eurotium repens, Aspergillus flavus and Endo fibuliger on rye bread 

slices artificially inoculated with 10 µL of 10
6
 spores/mL in the volatile and airtight jar 

environment (Suhr and Nielsen, 2003). The antimicrobial effectiveness of AITC is varied from 

one investigation to another, which is not only highly associated with the strains and 

concentration of microorganisms, the time of exposure to AITC, and environment temperature, 

but also with to the factors of food composition, pH and involved the diffusion of AITC vapour 
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in food packaging systems (Lin et al., 2000b; Mari et al., 2002; Obaidat and Frank, 2009a). In 

addition, the effect of the antimicrobial activity of mustard oil can be enhanced once 

combinations of AITC vapour with Modified Atmosphere Packaging (MAP) (Isshiki et al., 1992; 

Suhr & Nielsen, 2005). In Suhr and Nielsen’s study (2005), they found that Eurotium repens was 

tolerant to 3 µL of mustard oil in air, but no growth on rye bread at 1µL/L air of mustard oil 

combined with an additional effect of MAP environment. The major spoilages of A. flavus, P. 

commune, P. solitum, P. roqueforti, P. corylophilum, E. repens and E. fibuliger were completely 

inhibited when packing rye bread slices with 2 µL/L air of mustard oil and combined with MAP 

and with 2-3 µL/L air on wheat bread for 30 days. However, one concern from the strategy of 

combining vaporous AITC with MAP is the sensory impact on the products (Legan, 1993b; Suhr 

and Nielsen, 2005). Nielsen and Rios (2000) suggested that bread packed with an AITC at 

fungicidal concentrations using a permeable film may minimize impact on sensory attributes of 

the product. The permeability of film made of polyethylene or ethylenevinylalcohol allows AITC 

vapour to evaporate quickly and leaving fewer residues after destroying microorganisms on the 

products. 

AITC is a major breakdown product of glucosinolate (sinigrin), which is unique to the 

cruciferous crops such as mustard, horseradish, cauliflower and kale. Glucosinolate is 

compartmentalized in the vacuole, whereas myrosinase is located in the cytoplasm of the plant 

cell (Luciano et al., 2011). AITC is released from plant tissue upon injury or mechanical 

disruption occurred, endogenous glucosinolate is hydrolysed by myrosinase (thioglucoside 

glucohydrolase, a cell-wall-bound enzyme, EC 3.2.3.1) (Delaquis and Sholberg, 1997). This 

chemical defence system can be applied to generate AITC in situ from plant tissues or by mixing 

sinigrin and myrosinase.  Mari and his group (1993) assayed the ability of isothiocyanates 



42 

 

produced by enzymatic hydrolysis at neutral pH from six glucosinolates to inhibit germination 

and mycelia growth of Botrytis cinerea, Rhizopus stolonifer, Monilinia laxa, Mucor piriformis 

and Penicillium expansum. Among tested isothiocyanates, the sinigrin-derived isothiocyanate 

(AITC) from B. juncea showed a broad pathogen-control spectrum on both inhibiting conidial 

germination and delaying the mycelia growth.  The fungal growth delayed up to 48 h after 

inoculation in mustard meal treatment suggested that AITC has potential for controlling post-

bakery mould spoilage (Mari et al., 2002). In addition, generation AITC vapour in situ is a way 

to overcome problems relating to production, transportation, storage and manipulation of 

synthetic product (Mari et al., 2002), and to the use of synthetically produced AITC in 

warehouse, such AITC is  difficult to volatilize due to its high boiling point so that the actual 

demands of warehouse storage fumigation are difficult to meet (Wu et al., 2011). 

The level of glucosinolates in defatted oriental mustard (B. juncea) meal remains to be 

high (Yu et al., 2007; Tsao et al., 2000).  The meal and other by-products of mustard seeds 

milling (Mustafa et al., 1999) and the bio-diesel industry, therefore, can be a viable alternative 

source of AITC, particularly for generating the AITC vapour in situ (Mari et al., 2002).  

The aims of the present research were: (a) to study the efficacy of AITC vapour 

generated directly from the B. juncea defatted meal in situ in a sachet/patch on controlling mould 

growth on bread; (b) to evaluate the potential of B. juncea defatted meal as an alternative to 

chemical preservative; (c) to verify inhibitory effect of B. juncea defatted meal as a natural 

preservative on the bread package. 

 

4.3 Materials and Methods     

4.3.1 Bread preparation 
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White bread was prepared as follows: all-purpose commercial white wheat flour 460 g, 

dry skim milk powder 10 g, sugar 8 g, unsalted butter 13 g, salt 5.5 g, tap water 250 mL (27 – 32 

°C), and commercial strain of Saccharomyces cerevisiae 4 g. MB bread improver 1 % w/w 

(Maidstone Bakeries Co. Brantford, Canada) was added subject to commercial samples. All the 

ingredients were mixed and baked by using a professional bread maker (Breadman
®
 BK1060BC 

96 x 96 x 3k). For treatments with chemical preservative, 0.2% (w/w) of calcium propionate 

(CP) was added in its formula. Baked loaves were cooled down on a wire rack to room 

temperature for 60 min. The weight and the volume of the loaves were evaluated by a volumeter 

(National Manufacturing, Division of TMCO Inc., Lincoln, Nebraska). Each measurement was 

done in triplicate. 

Freshly baked bread loaves were used: A. to evaluate the efficacy of AITC generated 

from the B. juncea defatted meal against mould on bread; and B. to verify the B. juncea defatted 

meal as a natural preservative on shelf life extension of bread. 

 

4.3.2 PH value of bread 

 

Bread with and without 0.2% CP were sliced into 10 g slices and mixed with 25 mL 

water before blending and taking the pH reading using a digital meter (Elico Ltd. Hyderabad). 

Two replications were conducted for each measurement. 

 

4.3.3 Fungal isolation and identification 

  

A. Fungal isolation  
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Bagged commercial white wheat breads were purchased from a local market of Metro, 

Guelph, and placed on the lab bench at room temperature (23 ºC) for the incubation of moulds. 

Three spoilage fungi showing Penicillium like colonies were isolated from the mouldy bread 

using the streak plate method and were initially transferred on the surface of Rose-Bengle agar. 

Plates were incubated for 7 d at 23 ºC in the dark. Single-colony cultures were transferred on 

fresh Czapek Yeast autolysate extract Agar (CYA) (Nielsen and Rios, 2000) and incubated under 

the same conditions to check purity and identity. Plates were stored at 4 ºC until use. 

 

B. Fungal identification  

 

Three mould isolates of bread were cultured on petri dishes containing CYA media and 

incubated at 25 ºC for 7 days. All fungi identification procedures including DNA extraction, 

PCR, sequencing and data analysis were performed by the Laboratory Services Division of the 

University of Guelph. 

Total genomic DNA was extracted from a pure fungus isolate using InstaGene™ matrix 

(Bio-Rad). The PCR primers used for the fungal identification were the universal ITS primers 

(ITS1 primer 5’ CTTGGTCATTTAGAGGAAGTAA 3’ and ITS4 primer 5’ 

TCCTCCGCTTATTGATATGC 3’). PCR was performed in a total volume of 25 µL, which 

contains 0.6 µM of each primer, 1x of HotStarTaq® Master Mix (QIAGEN) and 20-40 ng of 

DNA. Amplification was carried out in a GeneAmp® PCR System 9700 (Applied Biosystems) 

under the following conditions: 95 ºC (15min); 35 cycles of 94 ºC (20 s), 52 ºC (15 s), 72 ºC (1 

min 30 s); and a 72 ºC (7 min) extension step. 

Amplified PCR products with a single fragment were confirmed on a 2.0% agarose gel 

and purified using NucleoFast 96 PCR clean up plate (Macherey-Nagel). Purified PCR 

fragments were sequenced using BigDye® Terminator v3.1 Cycle Sequencing method (Applied 
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Biosystems). DNA sequencing was performed with an automated ABI 3730 DNA analyzer 

(Applied Biosystems) following the manufacturer’s instruction (ABI Prism DNA Sequencing 

Analysis Software Version 3.7, Applied Biosystems). Forward and reverse sequences were 

edited and aligned. Aligned sequences were compared to the NCBI database using the BLAST 

tool.  

 

4.3.4 Inoculum preparation   

 

A cocktail of the three isolates conidial suspension was prepared. The three isolates were 

transferred onto fresh CYA media plates and cultured separately for 7 days at 25 ºC. Fungal 

conidia were harvested with a loop, and transferred to a 15-mL test-tube with a spore suspension 

buffer, which was amended in double distilled water with 0.1% Tween-80. The suspension 

concentration of each isolate was adjusted to 10
7
 conidia / mL with the aid of a haemocytometer 

under microscope. Equal numbers of spores of each isolate were combined to form a mixture and 

then in 10-fold diluted into a suspension media containing 0.1% Tween-80 and 0.5% agar. Final 

count of the spore suspension was approximately 10
6
 spores / mL. 10 µL of the suspension was 

used for inoculation.  

 

4.3.5 B. juncea meal sachet and patch 

 

B. juncea meal sachet: B. juncea meal sachet was prepared by packing certain amount of 

B. juncea defatted meal (6% sinigrin) and a water capsule containing deionized water (pH 6.8) at 

a ratio of 1 to 1.5, respectively. AITC can be generated by physically popping the water capsule 

and letting the endogenous glucosinolate to be in contact with the myrosinase in a water solution. 
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As a result of preliminary tests, sachets containing 5, 10, 25, 50, 100, 125 and 150 mg of B. 

juncea defatted meal was used, resulting in different concentrations of AITC in the headspace in 

present study.  Two different sizes of sachets were prepared based on the amount of mustard 

meal and water content: size of 3 x 3 cm for packing 5 - 50 mg of meal, and 4 x 4 cm for 100 -

150 mg of meal.  The sachets were made of 1 mil LLDPE plastic film with oxygen transmission 

rate 6509 cm
3
/mil/m

2
/24. Effects of AITC generated from these sachets were tested against the 

spoilage fungi on bread in a sealed model system.   

B. juncea meal patch: similar method used to make a sachet was employed to make a 

patch. Instead of manually sealing two layers of same permeable plastic film used for the sachet, 

which allowing delivery AITC from sachet to the environment at same rate via two sides of 

sachet, patch was made of two different types of food quality plastic film. One side of the patch 

was a layer of the same permeable plastic film used for the sachet, allowing delivery AITC from 

patch to packaged food at the same rate. The other side was a layer of Deli plastic film (Deli *1 

bags, Winpak, Canada), highly non-permeable. The patches contained 0.5, 1  and 1.5 g of 

defatted B. juncea meal were prepared for examine the antifungal action and shelf life extension 

of using defatted B. juncea meal as a natural preservative on packed bread loaves.  

 

4.3.6 Efficacy of B.  juncea defatted meal as a preservative against mould growth on bread 

4.3.6.1 In a sealed jar bread system assay  

 

A sealed jar model system was used to assess the efficacy of AITC vapor formed from B. 

juncea defatted meal sachets on suppression of fungal isolates of Penicillium spp. and Wallemial 

sebi growth on bread surface as shown in Fig. 4.1.  The use of white bread instead of standard 

laboratory media,  is to avoid the incongruence between using agar media and real food (Nielsen 
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and Rios, 2000), because the potency of AITC may decrease due to concentration reduction 

through the interaction between AITC and fat and protein content of the food (Luciano and 

Holley, 2009; Nadarajah et al., 2005b). 

 

 
Fig.4.1 a sealed bread jar model system used to exam the antifungal activity of AITC vapour 

derived from B. juncea defatted meal sachets on suppression of mould growth. 

 

White bread loaves with and without calcium propionate (0.2%, w/w) were freshly 

baked, and sliced in 0.7 cm thick after cooled down to room temperature for 60 min. Sliced bread 

pieces were then punched into cylindrical shape (plug) (0.7 cm x 1.3 cm) with a sterilized cork 

borer (1.3 cm i.d.). Each bread plug was surface inoculated with 10 µL of a cocktail of three 

fungal isolates suspension 10
6 

conidia/mL as mentioned in 4.3.4.  

Total of 20 inoculated bread plugs were arranged in four rows of 5 plugs and placed 

aseptically onto a glass plate (4 x 8 cm, see Fig. 4.1), which was sterilized and inserted into a 1-L 

Mason jars in advance. One B. juncea meal sachet was inserted into the jar immediately after 

manually squeezing up the water capsule inside the sachet. Jars were then airtight and incubated 

on the bench at room temperature (23 ºC).  Fungal isolates on the surface of bread plugs in the 
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jars were treated with seven varied concentrations of AITC vapour generated from sachets 

containing 5, 10, 25, 50, 100, 125 and 150 mg of B. juncea meal, respectively. Jars containing 

inoculated bread plugs with and without calcium propionate (2%, w/w) treated with no B. juncea 

sachet were served as positive and negative control, respectively (Table 4.1). Presence or 

absence of fungal growth on the surface of the bread plugs was visually monitored daily for 28 

days after the second day of inoculation. There were two jars for each treatment and the tests 

were triplicates. 

B. juncea meal (AITC) dose and exposure time on the fungal growth on bread were 

evaluated by incubating the closed jars for various periods time of 24, 48, 72 and 120 h. After a 

fixed exposure time under AITC/B. juncea meal, bread plugs without appearance of fungal 

growth were removed from jars (two jars per treatment) with a sterile spatula.  RandomLy 

sampled 24 of the 40 plugs from each treatment and placed 12 pieces of each right side up onto a 

petri dish plate containing Potato Dextrose Agar (PDA), total 2 plates. The plates were incubated 

for 7 days at room temperature (23°C) to recover the sub-lethally injured mould (Nielsen and 

Rios, 2000). B. juncea meal with fungicidal concentration was defined as no visible growth sign 

of mould showing on bread plugs both in jars and in incubated plates. Whereas, sign of mould 

growth presenting in PDA plates but not in the sealed jars, the concentration of AITC used was 

recognized as fungistatic. Data were expressed as percent of incidence of mould growth 

inhibition compared with the control.  

In addition, the inhibitory effect of B. juncea meal in comparison to chemical 

preservative (CP) was examined by measuring a detection time of microbial growth with a 

microbiological analyser, BacTrac 4300 (SY-Lab, Neupurkersdorf, Austria). The principle of the 

test method is to monitor the growth of microorganisms by measuring a change of indirect 
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impedance in test cells consisted of a measurement tube and a sterile insert tube, i.e., as fungi 

grow and metabolise they produce CO2, which interacts with potassium hydroxide (a gas 

absorbent) surrounding the electrodes, thereby reducing its conductance. The change of 

impedance of the KOH solution can be detected when fungal growth reaches a threshold of M 

value -25% (10
6
 to 10

8
 per mL). In the study, the modified method was applied by measuring 

indirect impedance on solid media of bread plugs instead of on the liquid media. 

Measurement conducted as follow: bread plugs were inoculated with 10 µL of a cocktail 

of conidial suspensions of three fungal isolates at 1 x 10
6
 conidia/mL. Plugs were exposed to a 

varied concentration of AITC generated from B. juncea meal sachets in the jars for 24 and 48 h, 

respectively. Bread plugs without 0.2% CP inoculated with 10 µL of mixture conidial suspension 

and treat with no B. juncea meal in the inserted cell served as positive control. Bread plugs with 

0.2% w/w CP was as negative control.   Three of randomLy picked bread plugs (0.7 mm x 1.3 

cm) were inserted into a sterile insert tube with a sterile spatula after fixed at the design time. 

The insert tubes were sealed into measurement tubes containing 1.5 mL of 0.2% KOH solution. 

Tests were made in triplicate. The detection time of the set conductance threshold value (M %) 

of -25% was used as a measure of fungal growth. Changes of impedance of the KOH solution 

caused by up-taking CO2 generated by Penicillium spp. and W. sebi in each tube were monitored 

and recorded in the microbiological analyser up to 120 h incubation at 25 °C. Impedance change 

curve was created by plotting the measurement data.  Inhibitory effect of B. juncea meal on 

mould growth, presented as a relative growth rate, was calculated according to the Tmicro / Ti 

ratio. Tmicro was the time that the impedance of the positive reached a threshold of -25%. Ti was 

the time required for the impedance of the treatments reach the threshold. The delay in CO2 

production is considered to correspond with the inhibitory effects of the B. juncea meal (AITC). 
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4.3.6.2 Assays in plastic bags  

 

Bread slices (12 x 13 cm, 1.3cm thick, 60 g) with and without 0.2% CP  were inoculated 

with 10 µL of a cocktail of spore suspensions (1 x 10
6
 conidia mL/L) of the three tested fungal 

isolates  at 9 different spots to provide a final inoculum level of 1.5 x 10
3
 conidia/g in control 

(Fig. 5). To obtain a homogeneous distribution of the active compounds, two kinds of active 

packaging (AP) based on preliminary test (data not published) were applied to evaluate the 

antifungal effect of B. juncea meal sachets/patches on bread, which were as follow: Active 

packaging experiment #1: the inoculated bread slice was packaged with a linear low density-

polyethylene (LLDPE) plastic bag (1 mil, 16.5 x 14.9 cm, ORT 6509 cm
3
/mil/m

2
/day) in 

triplicates. Two B. juncea meal sachets were placed into the cross of the two corners on each 

package bag without touch the bread. Sachets containing B. juncea meal 1, 2 and 3 g in total 

were applied.  

Active packaging experiment #2: the inoculated bread slice was packaged with a thick 

1.75 mil LLDPE plastic bag (17.7 x 19.5 cm, ORT 2042 cm
3
/mil/m

2
/day) in triplicates. B. juncea 

meal patch was placed externally by adhesion the side with a highly gas permeable (6509 

cm
3
/mil/m

2
/day) onto the center of bread package bag. Each bag was treated with two patches. 

Similar to method described above, B. juncea meal patches in 1, 2 or 3 g in total were applied. 

Bread with and without 0.2% CP treated with no B. juncea meal sachet or patch were 

served as positive and negative control, respectively. All packaged breads were stored at room 

temperature (23°C). Signs of mould growth were visually monitored daily after inoculation. 

Finally, the percentage of bread with signs of mould growth was recorded.  
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4.3.7 Verification of B. juncea defatted meal as a preservative in bread package 

 

White bread without calcium propionate (CP) 0.2% (w/w) (pH 5.35) and with CP 0.2% 

(w/w) (pH 5.31) were freshly baked (ingredients and baking method used were described above). 

Bread loaves were cooled down for 1 h at room temperature (23 °C). The weight and the volume 

of the loaves were evaluated by a volumeter (National manufacturing, Division of TMCO Inc., 

Lincoln, Nebraska). Each measurement was done in triplicates.  

All bread loaves were sliced 1.3 cm thick and packed with USA Food Drug Association 

approved Ziploc® Freezer bags (LLDPE, 1.75 mil, ORT 2042 cm
3
/mil/m

2
/day) at 75% RH, 23 

°C. All the packed sliced bread loaves were divided into three groups. The mustard meal patch 

was applied by adhesion the side with highly permeable plastic material (ORT 6509 

cm
3
/mil/m

2
/day) to the bread package bags. Based on the results of using B. juncea meal patch as 

a natural preservative on sliced bread artificially inoculated with bread spoilage isolates, two 

patches with equal amount of meal were applied and positioned on the both side of package bag 

in the center. When the water capsule inside of patch was broken, AITC vapour should 

penetrated the high permeable film and diffused into the bread package from two directions. The 

different doses of B. juncea meal patches in 1 g, 2 g and 3 g were tested in the experiment. The 

group of breads with 0% CP were treated with no B. juncea meal patches as a positive control. 

The group of breads containing 0.2% CP was served as a negative control, used to compare with 

B. juncea meal treatments. Each group treated in triplicates.  

All the breads were then stored at 23 °C intermittently exposed to day light/night for a 

period up to 21 days. Signs of mould growth were observed visually 3 days after storage. 

4.4 Statistical analyses 
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 The experiments were completed in a randomized mode. The mean values and standard 

deviations were calculated for all the experiments carried out in replicates. In addition, a two-

way analysis of variance (ANOVA) was performed using Tukey’s post-hoc test. All the 

statistically significant comparisons were defined at P < 0.05. 

 

4.5 Results and discussion 

4.5.1 Fungal species 

 

Pure fungal cultures (Fig. 4.2) isolated from mouldy white wheat bread were sent to the 

Laboratory Services Division of the University of Guelph for microbial identification by 18S 

rRNA. The species were identified as Penicillium commune and P. brevicompactum, and 

Wallemia sebi, as shown in Table 4.1. 

P. commune and P. brevicompactum are the most common spoilage fungi identified in 

bread and are mycotoxin producing species (Nielsen and Rios, 2000; Suhr and Nielsen, 2004). P. 

commune is the producer of mycotoxin cyclopiazonic acid (Abramson, 1999; Gqaleni et al., 

1996), whereas P. brevicompactum produces mycophenolic acid and patulin (El-banna et al., 

1987; Rundberget et al., 2004; Sweeney and Dobson, 1998). Cyclopiazonic acid and 

mycophenolic acid have high potential risk of their frequency of occurrence in food 

commodities. Nowadays food safety problems caused by toxins of patulin and cyclopiazonic 

acid has been added in the list of growing concern (Bullerman, 1999).  

Additionally, the airborne W. sebi has been suspected to be a causative agent of human 

allergies, particularly bronchial asthma. W. sebi has also been identified as playing a role in 

farmer's lung disease in eastern France (Reboux et al., 2001). The fungus produces a toxic 
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metabolite of walleminol A, which is with a bioinhibitory dose effect similar to those of other 

mycotoxins such as penicillic acid (Wood et al., 1990).  

Table 4.1 Fungal isolates from white mouldy bread identified using the 18S rRNA 

Culture #                           Best Similar Species                       Similarity %                   Accession # 

       

      B 1-1                   Wallemia sebi                                       99                            AY625073.1 

       

      A 2-2 Penicillium commune     100                           AF455418.1 

      

      C 3-1 Penicillium brevicompactum     100                           HM469408.1 

 

 

A2-2                    B 1-1                    C 3-1                                                                                                                                                

       

 

 

Fig.4.2 Colonies of the three fungal isolates A 2-2, B 1-1 and C 3-1 from mouldy white bread 

were cultured on the plates containing Czapek Yeast autolysate extract Agar (CYA) media.  
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4.5.2 Weight, volume, and pH value of fresh baked bread 

 

 Weight of the fresh baked bread loaf was 656 ± 1.2 g, and total volume was 3213 ± 2.9 

mL. White bread loaves without and with 0.2% CP had a measured pH values of 5.35 and 5.31 

(Fig. 4.2), respectively and were not significantly different (P < 0.05). The pKa (an acid 

dissociation constant) value of propionic acid is 4.88 and hence the acid would be in equilibrium 

between both the associated and dissociated forms, hence active (Suhr and Nielsen, 2004). In 

addition, the antimicrobial activity of AITC is enhanced at acidic pH value (Obaidat and Frank, 

2009b).  This may be ascribed to hydrophobicity of the essential oil increased at low pH and thus 

can be dissolved better in the lipid phase of the bacterial membrane {Skandamis, 2000 #334. 

Applying AITC at a concentration 8.3 µL/L reduced the population of Salmonella on sliced 

tomato (pH 4.2) by 1.2 log CFU after 10 days at 10°C, whereas, no reduction on sprouts (pH 6.0-

6.5) when exposure to 1,000 and 2,000 µg/liter of AITC for 11 day at 10°C (Obaidat and Frank, 

2009b). 

             

              

                   Fig.4.3 pH value of freshly baked white bread with 0% and 0.2% calcium propionate 
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4.5.3 Efficacy of B. juncea meal/AITC on controlling mould growth on bread 

4.5.3.1 Controlling mould growth in a sealed jar model system  

 

Results showed that AITC vapour derived from B. juncea meal in situ in sachets 

effectively suppressed the growth of Penicillium spp. and W. sebi on the surface of bread plugs 

in the sealed jar system (Figure 4.5). In the presence of 0.7-1.3 ppm AITC (generated from 50-

100 mg B. juncea meal) in the headspace, there was no sign of mould growth after 28 d 

incubation at 23°C on the surface of bread plugs that were inoculated with a cocktail of spore 

suspensions of Penicillium spp. and W. sebi . However, in the control containing no calcium 

propionate and no B. juncea meal sachet, fungal growth was already visible at 2 d post 

inoculation.  

   

  

Fig.4.4 AITC vapour generated from B. juncea meal in situ in sachet against the growth 

of Penicillium spp. and W. sebi on the surface of bread plugs in the sealed jar system at 23°C 

(photo was taken at 14 days after inoculation)  

 

Control 
Calcium propionate 

0.2% (w/w) 
B. juncea meal 

50 mg 
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The efficacy of B. juncea meal/AITC on the fungal growth was positively correlated with 

the dose of B. juncea meal/AITC. Data from recovery the sub-lethally injured fungal spores in 

Table 4.2a, 4.2b and 4.2c indicated that spores on the surface of bread plugs exposed to 50 mg or 

lower of B. juncea meal in a sachet could recover, suggesting the antimicrobial effect to be 

fungistatic at <50 mg/sachet in the model system (equivalent to 0.7 ppm AITC in headspace). 

Fungal spores exposed to doses of 100 mg/sachet or higher could not be recovered when re-

incubated on PDA plates, suggesting doses at 100 mg or higher levels are fungicidal.  

In addition, the antimicrobial effect also depended on the time of exposure. After being 

transferred onto PDA plates and incubated for 7 days, fungal  spores recovered from bread plugs 

that were pre-exposed to B. juncea meal at 50 mg/sachet for 24 h (Table 4.2a) and  48 h (Table 

4.2b), respectively, showed  fungal growth 100%, but for those exposed for 72 h, only 42% of 

spores showed fungal growth (Table 4.2c).  However, when bread plugs were pre-exposed to 

AITC vapour released from B. juncea meal 100 mg or more (equivalent to AITC ≥ 1.3 ppm) the 

recovered spores  did not result in  fungal growth on PDA, indicating fungicidal activity at such 

dose, regardless of the pre-exposure time (Table 4.2a, 2b and 2c).  

In this study, B. juncea meal/AITC demonstrated significant inhibitory activity on the 

growth of Penicillium spp. and W. sebi on the surface of bread plugs as compared to that of 0.2% 

calcium propionate. The fungal growth appeared visually on the surface of bread plugs with 

calcium propionate at day 2 post incubation compared to no visible fungal growth on the bread 

plugs that were exposed AITC vapour generated from 50 to 150 mg of B. juncea meal in the 

sealed jar after 28 days (Fig. 4.4). 

The above results from the recovery experiment using conventional PDA plates were 

supported also by an automatic antifungal assay that measures the indirect impedance using the 
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BacTrac 4300 system. The effect of B. juncea meal/AITC on the growth of Penicillium spp. and 

W. sebi on the surface of bread plugs were plotted in Figure 4.5a (after 24 h exposure) and Figure 

4.5b (after 48 h exposure). In Fig. 4.5a and 4.5b, lines are the relative growth curves of recovered 

sub-lethally damaged spores pre-exposed to different amounts of B. juncea meal/AITC.  All 

curves were sigmoid in nature and can be divided into three sequential phases, i.e. inactive 

phase, where any electrical changes are below the threshold limit of detection of the instrument; 

the active phase (quickly increasing phase), where rapid electrical changes occur and are beyond 

the detection threshold; and the stationary or declining stage, which occurs at the end of the 

active phase (Easter and Gilbson, 1989). As shown in Fig. 4.5a, the antifungal effect as 

demonstrated by the delayed onset of the active phase in the BacTrac assay, similar to the 

findings in the plating experiment, depended on the pre-exposure time and dose.  The growth of 

the fungi pre-exposed to the different amounts of B. juncea meal/AITC concentration levels was 

clearly retarded or inhibited. The growth of fungi recovered from bread plugs pre-exposed to 50 

mg B. juncea meal (0.7 ppm AITC) for 24 h, as shown by the time it took to reach the active 

phase (detection threshold) was delayed 60 h compared to the control (no calcium propionate 

0.2%, no mustard meal), and the onset of the active phase was more significant for those pre-

exposed for longer time, e.g. it was a 120 h delay for fungi pre-exposed for 48 h on a bread plug 

(Fig. 4.5b).  However, the 0.2% CP treatment showed a 3 h delay in comparison to the control, 

significantly less effective than the B. juncea meal treatment at all doses (Fig. 4.5a, 5b). The 

most effective dose again was when bread plugs were pre-exposed to B. juncea meal at ≥100 mg, 

under which conditions,  the growth of Penicillium spp. and Wallemial sebi were completely 

inhibited during the entire experiment period (fungicidal) (Fig. 4.5a, 5b).  
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Compared to the conventional plating technique, the electrometric technique using the 

BacTrac system was advantageous in that it was simple, rapid, and results were highly 

reproducible.  It measures the fungal growth more accurately as by the onset of the active phase, 

i.e. time to reach the detection time delay. Effective inhibition of the fungi means prolonged time 

of the active phase. For example, the growth of fungal spoilers on CP containing bread reached 

the threshold in 3 h whereas those on plane bread (no CP) and pre-exposed to 50 mg B. juncea 

meal took 60 h. The changes of the fungal growth among the treatments could not be observed 

using conventional method of plating. Results in the electrometric method are also useful for 

setting up the treatment time of the verification trials. Another advantage of the electrometric 

technique is its detection of microorganisms that do not produce pigments; such microorganisms 

are difficult to detect visually or optically.  

Overall, the results clearly demonstrated that AITC vapour produced in situ from a sachet 

containing B. juncea meal was a promising antimicrobial agent. The excellent anti-fungal 

properties of B. juncea meal/AITC are of particular interest since extensive destruction of spores, 

i.e., fungistatic activity and fungicidal activity, which were achieved at a concentration as low as 

0.7 ppm (from 50 mg meal) and at 1.3 ppm (from 100 mg meal), respectively. Such 

concentrations were much lower than the previously reported minimum inhibitory concentration 

(MIC) for AITC in gas phase for most spoilage fungi of baked goods by Nielsen and Rios 

(2000). They found that the MIC value was 1.8 µg AITC /mL (ppm) gas phase for P. solitum, P. 

commune, P. corylophilum and P. discolor, and 3.5 µg/mL gas phase for A. flavus, P. roqueforti, 

P. polonicum, P. palitans, E. fibuliger and Pichia anomala.  Previous investigations on the 

antimicrobial activity of volatile essential oil of mustard plants and purified AITC as assayed in 

agar media varied significantly among different studies. For instance, MIC was between 34 and 
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110 ng/mL gas phases for the bacteria, 16 -37 ng/mL gas phases for the yeast and 16 - 62 ng/mL 

gas phases for the moulds in one study (Isshiki et al. 1992), but 3.8 -118 µg/mL gas phase to 

inhibit fungi (Tsunoda, 1994).  Direct comparisons with previous studies on the inhibitory 

activity of vaporized extracts, differences in the surface microenvironments and composition of 

the substrates may attribute to the variations. However, concentration of AITC is more critical. 

The phenomenon of AITC concentration declined over time in the headspace has been observed 

in the sealed model system with and without bread. A depletion of AITC vapour in the 

headspace could be caused by absorption to plastics (Sekiyama et al., 1996)and reaction between 

AITC and the substrate components of food (Ward et al., 1998).   

  

Table 4.2a Effect of AITC vapour derived from B. juncea meal sachet on the growth of 

recovered Penicillium spp. and Wallemial sebi inoculated on the surface of bread plugs pre-

exposed to AITC for 24 h at 23 °C 

  Incidence (%) of mould growth in bread plugs incubated on PDA at 

  Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

Control 0 100 100 100 100 100 100 

CP 0.2% 0 100 100 100 100 100 100 

M5 mg 0 100 100 100 100 100 100 

M25 mg 0 0 100 100 100 100 100 

M50 mg 0 0 0 0 100 100 100 

M100 mg 0 0 0 0 0 0 0 

M125 mg 0 0 0 0 0 0 0 

M150 mg 0 0 0 0 0 0 0 

         

Abbreviation CP – calcium propionate; M – sachet containing B. juncea meal. Data present the 

mean value 
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Table 4.2b Effect of AITC vapour derived from B. juncea meal sachet on the growth of 

recovered Penicillium spp. and Wallemial sebi inoculated on the surface of bread plugs pre-

exposed to AITC for 48 h at 23 °C 

  Incidence (%) of mould growth on bread plugs incubated on PDA at  

  Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

Control 0 100 100 100 100 100 100 

CP 0.2% 0 100 100 100 100 100 100 

M5 mg 0 100 100 100 100 100 100 

M25 mg 0 100 100 100 100 100 100 

M50 mg 0 0 0 0 17 69 100 

M100 mg 0 0 0 0 0 0 0 

M125 mg 0 0 0 0 0 0 0 

M150 mg 0 0 0 0 0 0 0 

      

  Abbreviation CP – calcium propionate; M – sachet containing B. juncea meal. Data present the 

mean value.  

Table 4.2c Effect of AITC vapour derived from B. juncea meal sachet on the growth of 

recovered Penicillium spp. and Wallemial sebi inoculated on the surface of bread plugs pre-

exposed to AITC for 72 h at 23 °C 

  Incidence (%) of mould growth on bread plugs incubated on PDA at  

  Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

Control 100 100 100 100 100 100 100 

CP 0.2% 100 100 100 100 100 100 100 

M5 mg 100 100 100 100 100 100 100 

M25 mg 0 0 100 100 100 100 100 

M50 mg 0 0 0 0 0 20 42 

M100 mg 0 0 0 0 0 0 0 

M125 mg 0 0 0 0 0 0 0 

M150 mg 0 0 0 0 0 0 0 

        

 Abbreviation CP – calcium propionate; M – sachet containing B. juncea meal. Data present the 

mean value.  
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Fig.4.5a Effect of B. juncea meal/AITC and calcium propionate (CP) 0.2 % (w/w) on growth of 

Penicillium spp. and Wallemial sebi recovered from the bread plugs pre-exposed for 24 h.  The 

assay was done at 25 °C. 

 

                           

 Fig.4.5b Effect of B. juncea meal/AITC and calcium propionate (CP) 0.2 % (w/w) on growth of 

Penicillium spp. and Wallemial sebi recovered from the bread plugs pre-exposed for 48 h.  The 

assay was done at 25 °C. 
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4.5.3.2 Controlling mould growth in plastic bags  

 

Due to the smaller headspace as compared to the bread plug model, the sachets/patches 

were adhered in two patterns; two diagonally (Active packaging Experiment #1 with sachets) or 

in the centre (Active packaging Experiment #2), which was followed by the packaging method 

mentioned in 4.3.6.2, packed bread slices were shown in Fig. 4.6.   

Results from AP #1 with sachets indicated that AITC derived from B. juncea meal/sachet 

effectively retarded the growth of fungal isolates on the packed bread slides. Antifungal activity 

of AITC/sachet was more efficacy than that of CP 0.2% (w/w). On day 3 (Fig. 4.7), white 

hyphae started to appear on all 9 inoculated spots on the bread slices in both the negative and 

positive controls followed by formation of grey green mould spot on day 4.  In comparison to B. 

juncea meal treated bread slices, no sign of the growth showing on 2 and 3 g treatment, but on 1 

g treated. The completely inhibitory effect was achieved at day 3 with higher doses of total 2 and 

3g sachets in comparison to control (no CP 0.2%, no sachet) and CP 0.2% (w/w) treated, which 

was shown in Fig. 4.8. Based on this, only 41% of the slice treated with 1 g of B. juncea meal 

patch showed mould (a 59% inhibition). However, the inhibitory effects became slightly weaker 

afterwards. At day 4, the inhibition rate was ca. 30% for the 1 g treatment, and 63% for both the 

2 and 3 g treatments. 

The inhibitory effect was significantly improved with the AP #2 with patch (Fig. 4.8). 

The growth of fungal isolates were completely suppressed on the surface of inoculated bread 

slices packed with B. juncea meal/patch in higher doses of 2 and 3 g compared to the both 

controls. The time it took for the white hyphae to appear in the negative control (no calcium 

propionate) was the same as in AP #1, but 1 day delayed on the bread slice with calcium 

propionate 0.2% (w/w) (Fig. 4.8).  Bread containing CP 0.2% (w/w) was free of mould during 
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the first 3 days of incubation, but developed visible mould showing on all inoculated 9 spots on 

day 4 (Fig. 4.8). The data showed that no moulds were developed in all patch treatments in the 

first 4 days of incubation. At this dose, 33 % of the 9 spots showed visible mould growth on day 

6 for 1 g B. juncea meal treatment.  Patches containing 2-3 g of B. juncea meal showed 

fungicidal activity on the treated samples during the experiment, in fact, no signs of the mould 

growth were visibly present for > 90 days on the treated bread slices in these two groups. 

Considering 7 days are the “standard”  IC for preservatives of bread mould (Isshiki et al., 1992; 

Nielsen and Rio, 2000), our natural approach is a great improvement over the commercial 

preservative of calcium propionate 0.2% (w/w).  

Even though the different inhibitory effect showed on AP #1 and AP #2, the antifungal 

action of B. juncea meal/AITC in both of the two patterns applied was significantly more 

effective than the industrial preservative calcium propionate (0.2%, w/w) (P<0.05) (Fig. 4.8). AP 

#2 showed better inhibition than AP #1. Two factors are considered to cause the loss of activity 

in AP #1: the packaging (sandwich bag) and film used for the sachet, and the application pattern. 

Both the sandwich bag and the sachet used in AP#1 were made from a thin film with high O2 

transition rate. The high OTR film (both the bags and sachets) allowed the generated AITC to 

permeate out of the sachet quickly; however, it may also escape out of the bag faster, not 

allowing enough exposure time and concentration for the AITC to contact the fungal spores. AP 

#2, the sandwich bag was a thicker film with low O2 transition rate of 2042 cm
3
/mil/m

2
/24h 3 

times less than that used in AP #1. The sachet/patch only allowed AITC vapour to 

transmit/evaporate in one direction toward the inside of the package, which was  better for even 

distribution of the in situ generated AITC as fungal spots were seen along the other diagonal line 

(Fig. 4.7).   
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Results from the AP #1 and AP #2 experiments indicate permeability of the packaging 

film is a vital parameter that influences the AITC concentration in the head space, and the 

residence time of AITC vapour in the antimicrobial packaging system. AITC is a highly volatile 

compound therefore a small amount of this compound could be lost during the test, due to 

leaking through permeable packaging films (Lim et al., 1998a; Mari et al., 2002).  By using films 

of higher thickness, the active packaging in AP#2 effectively prevented such loss and provided 

longer residence time for AITC vapour to be in contacting with the spoilages. Thickness of the 

packaging film was found to significantly affect the rate of permeation of AITC generated in in 

situ in this study. The thinner plastic film-based packaging system in AP #1 had a higher level of 

oxygen transmission rate thus was more permeable for AITC vapour to be released from sachet 

so it can quickly dissipate in the tested packaging system.  This packaging system has brought 

good initial impact of AITC on the fungi, but for the same reason, leaking of AITC from the 

system allowed the shocked fungi (fungistatic) to recover later in AP #1 (Nadarajah et al., 

2005a).  In AP #2, the thicker film not only allowed efficient fungicidal effect, but the improved 

efficacy can also significantly reduce the dosage.  Similar result has been reported with volatile 

mustard oil by others.  A lower dose of 1 µL was effective for inhibition of mould growth on 

wheat bread in modified atmosphere packaged with high barrier plastic bags (Ecotop 20/50, 

OPP20/PELD-EVOH-PELD4720), however, with a 160-µm-thick PA/EVOH/PE film (ORT 2 

mL
2
/24 h/atm), doses of 3 and 5 µL only suppressed growth of 1/3 of the bread samples (Suhr 

and Nielsen, 2005).  Diffusion of AITC vapour in the packaging system is another important 

parameter effecting the overall antifungal activity (Lim et al., 1998a).  The mould seemed to 

develop quickly in fungal spots far away from the antimicrobial sachets as observed in AP #1 ( 

Figs. 4.7 and 4.8).  
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In addition to the above discussed factors, how AITC interact with the packing material 

and food matrix are also important. Previous studies has shown that spontaneous decomposition 

and nucleophilic attack of water and hydroxide ions in aqueous media are reasons causing AITC 

concentration in the head space to decline over time, and such phenomena could occur in 

atmospheres containing water vapour (Kawakishi and M, 1969; Ward et al., 1998). Reaction 

between AITC and the substrate components of food has also been reported (Mari et al., 2008; 

Ward et al., 1998). Researchers believe that isothiocyanates are reactive compounds, which have 

strong affinity towards thiol, sulphydryl and terminal amino groups of proteins (Kawakishi and 

Kaneko, 1985; Kawakishi and Kaneko, 1987; Kroll and Rawel, 1996; Ward et al., 1998). Also, 

AITC decomposition upon reaction with substances in the bread have been hypothesized by Suhr 

and Nielsen (2003) who attributed the loss of inhibitory activity to such reactions in an assay 

using mustard oil and rye bread and spoilage fungi. AITC can be absorbed by container surface 

such as by plastic films, resulting in concentration drop (Lim et al., 1998a; Sekiyama et al., 

1995).  

 

 

                      

   Active packaging experiment #1with sachet           Active packaging experiment #2 with patch 

Control CP %0.2 MM 1g MM 2g MM 3g Control CP 0.2% MM 1g MM 2g MM 3g 
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Fig.4.6 Effect of B. juncea meal sachet/patch on the growth of Penicillium spp. and 

Wallemial sebi on bread slice in plastic bags. Bread slices were inoculated with a cocktail of 

three isolates spore suspension 1 x 10
4
 conidia /bread slice on 9 evenly distributed spots. 

Controls received no antimicrobial treatment. AP #1 (Active packaging experiment #1, left): 

bread packed with polyethylene-linear low density plastic bag (1 mil, ORT 6509 

cm
3
/mil/m

2
/24h), and sachets (made of same material) containing B. juncea meal 1, 2 and 3 g 

were applied inside the bag diagonally. AP #2 (Active packaging experiment #2, right): bread 

packed with thicker film (1.75 mil, ORT 2042 cm
3
/mil/m

2
/24h), and patches (only one side is 

permeable film) containing B. juncea meal 1, 2, and 3 g were applied. Photos were taken on day 

7.  

 

 

 

 

 

             

Active packaging experiment #1 with sachet          Active packaging experiment #2 with patch 

  

Fig.4.7 Effect of B. juncea meal sachet/patch on the growth of Penicillium spp. and Wallemial 

sebi on bread slice in plastic bags on day 3.  AP#1: 100% of mould development in both controls 

with and without CP. Only 33% in bread treated with 1 g of B. juncea meal in sachet.  AP#2: 

control MM 1 g CP 0.2% MM 1 g CP 0.2% control 
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100% of mould development in bread with no CP, no mould in bread containing 0.2% CP or 

treatment with 1 g B. juncea meal patch. Blue circles represented the appearances of  fungi 

growth spots in the inoculated bread slices.   

 

Fig.4.8 Inhibitory effect of B. juncea meal (MM) on growth of Penicillium spp. and 

Wallemial sebi on white bread slices in different active packaging. Data were collected on day 3 

and 4. Each value represents the mean percentage of inhibition on the surface of the white bread 

slice compared to control. Mean percentage of growth inhibition with different letters are 

significantly different (P < 0.05; n = 3)  

 

4.6 Effect of B. juncea defatted meal as a preservative on the shelf life of bread loaf 

 

In this experiment, only the total amount of B. juncea meal/AITC actually introduced in 

the bags was used as dosage. Concentration of AITC in the atmosphere inside the bag during the 
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treatment was not determined. The shelf life of a bread loaf is defined as days it takes for the first 

sign of mould growth to visibly appear on the surface of the loaf. Results in Fig. 4. 10 indicated 

that B. juncea meal/AITC was effectively prolonged the shelf life on bread, the effect was dose 

dependent. No sign of mould growth was observed on bread loaves patched with the highest dose 

of 3 g B. juncea meal at room  temperature, which was lasting to the end of the experiment of 21 

days, therefore the shelf life of bread loaves was 21 days at this dose. The shelf life of bread 

loaves patched with B. juncea meal in 2 g was 8 days, and 7 days using 1 g patch. Whereas in the 

controls, shelf life of moulds were visibly appeared on day 6 on bread treated with no B. juncea 

meal patches and no CP added, and on day 8 on bread containing 0.2% calcium propionate, 

respectively. In comparison to chemical preservative of calcium propionate 0.2 (w/w), shelf life 

of bread loaves was extended for additional >14 days using a 3 g mustard meal patch, 2 days 

using a 2 g patch. In addition, shelf life of bread with a chemical preservative of calcium 

propionate 0.2% (w/w) and packed in air is 5-7 days. Our results clearly demonstrated that 

commercial shelf life 5-7 days in bread can be achieved by applying 1 g mustard meal patch of 

the invention.  More importantly, in this study, mustard meal patch products in higher doses can 

significantly prolong the shelf life of bread, providing a powerful and much effective natural 

alternative to chemical preservatives for baked goods.  

Modified atmosphere packaging has been reported to be effective in shelf-life extension.  

Latou et al. (2010) studied shelf life extension of sliced wheat bread by packing bread with high 

barrier PET-SiOx//LDPE pouches, 62 µm in thickness and 4.0 mL/m
2
• day • atm in oxygen 

permeability at 75% RH, 25 °C and stored at 20 ± 1 °C.  They reported that air packaged bread 

showed visible microbial growth on day 4, and samples containing the commercial preservative 

on day 8, while in samples containing ethanol emitter or those had both ethanol emitter and 



69 

 

oxygen absorber, no visible microbial growth was observed  for 24 days and 30 days storage, 

respectively. Del Nobile et al. (2003) reported that samples packaged with an oxygen absorber 

did not show any visible sign of mould growth during 38 days of storage while in air packaged 

samples visible mold was observed after only 3 days of storage. In another active packaging 

experiment (in atmosphere air; “flow-pack”/ 80% CO2, 5% O2) with inoculated wheat bread, 

Suhr and Nielsen (2005) found that 1/3 of air packed bread developed mould even when treated 

with 3 and 5 µL volatile mustard oil, yet a lower dose at >1µL mustard oil totally inhibited the 

mould growth in two modified atmosphere packaging systems (100% CO2, 0.2 % O2).  

       

 

 Fig.4.9 Shelf-life extension of sliced white bread using B. juncea meal patch as a natural 

preservative.  Bread loves were packed with polyethylene-linear high density plastic bag (ORT 

2042 cm3/mil/m2/day) and combined with varied doses of B. juncea meal patches. Bread loaves 

containing 0% and 0.2% calcium propionate were as negative and positive control, respectively. 

All the samples were randomly placed on the bench in the lab at 23 °C. 
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Fig.4.10 Time course of incidence of mould growth on sliced white bread loaves.  Experimental 

conditions were the same as described in Fig.4.9.   Treatments included patches with 1, 2, 3 g B. 

juncea meal. Error bars are standard deviation of the mean. 

  

4.7 Conclusion 

 

 Volatile antimicrobial AITC generated in situ from sachet/patch containing defatted 

oriental mustard (B. juncea) meal has been proven effective in the control of spoilage fungal 

growth in vitro, in model systems with bread plugs and in packaged bread loaves. Bread 

spoilages caused by Penicillium spp. and Wallemial sebi on the surface of bread plug (1 x 10
4
 

conidia /per plug) were successfully inhibited for 28 days in a sealed jar model system in the 

presence of 0.7 ppm AITC formed from 50 mg of B. juncea meal/L; at ≥ 1.3 ppm (from 100 mg 

or more B. juncea meal) in the headspace of the jar system, the effect was fungicidal. In a single 
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bread slice experiment using a bag made of high density film (1.75mil, ORT 2042 

cm
3
/mil/m

2
/day), the growth of Penicillium spp. and Wallemial sebi was completely prevented 

for more than 90 days using a patch with 2-3 g B. juncea meal.   Evaluated with bread loaves, a 3 

g mustard meal patch was able to extend the shelf life for more than 14 additional days compared 

to the 0.2% calcium propionate, which is used in commercial products. Therefore, volatile 

antimicrobial AITC generated in situ, is a good natural alternative to the currently used chemical 

preservatives such as calcium propionate. 
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Chapter 5 
 

Overall conclusion 

 

The possibility of using AITC produced by defatted oriental Brassica meal combined 

with active packaging for post-bakery treatment is an important finding showing that could have 

great potential in industrial applications. Use of AITC for preserving bread and other baked 

goods can bring benefits to the all sectors of the society.  The bakery industry will benefit from 

using a natural preservative that is more efficient than currently available chemicals; consumers 

will have a choice for safer foods; and farmers and mustard milling/processing industry will have 

increased income from value-added products of the by-products.  

One issue however is yet to be solved.  AITC is a natural compound with strong odor, 

while the effect of it on sensory quality depends on the dose and other factors, and there have 

been studies showing effective control of microbial can be reached at a dose not detectable by 

human sensory organs.   Further investigation is therefore needed to determine the sensory 

impact on the products packed or treated with B. juncea meal in a form of patch or sachet in 

different packaging systems. 
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