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The survivai ofLidena moIU)CYIOgenes in packaged, ground 

containing either C a  (15% or 3û%) or air was examined during storage at 5 or 1 1°c. 

Survival was evaluated when electron beam cadiafion (1 -75 kGy) was used as part of a 

combination treatment. Compared to ground beef stored in air, partiailarfy at   OC, 

Listeriae survival in C a  was appro.rcimaeIy 1 to 2 logs Iowa &er 2 1 d SimiMy, the 

growth ratio of the organism increased as the C a  level deæased. In co- 

increasing the Eit content of the samples fiom 13% (54% protein) to 3û?? (20% 

protein) appeared to result in a decrease in effectiveness of Ca. Neither 15 nor 300h 

C a  was effective in retardhg listeriae growth when beef samples were stored at 1 loc. 

Irradiation of the meat sarnples decreased the listeriae population by ca. 2 logs 

regardless of the composition of the packaging atmosphere. In the presence of COÎ. 

however, the ninnor growth was much redud compareci to that in air. Inmeashg 

the protein content of the meat samples did not appear to affect Survivai levels 

following irradiation treatment regardless of the storage tempemture or C a  

concentration The inhiiitory &kt of C a  was observed to decrease as the storage 

temperature was increased to 1 1°c. This &ect was similiariy observed with the 

irradiateci samples. Hernolysis, a Iaiown vinilence factor for Listeriae, was exhibiteci by 

survivors following storage in C a  with or without irradiation Quantitative 

pathogenic analyses, ushg chick embryos inoculated with iisteriae w k e d  nom the 



various treatment protocols, indicated that increasing the storage temperature of the 

m a t  samples fiom 5 to 1 loc rdted in increased deaths. 

S 
The mathematicai model, - = exp b* (1 - exp (-Dt)), is deriveci fiom 

S o  

the expeximent.1 data gaierated by this study. Fat (protein) content, storage 

temperature, and atmospheric conditions were the parameters which were applied to 

derive this eqyatior~ The growth ratio can be used to predid the &ectiveness of these 

parameters on the survival of the organisn For exaxnple, thk equation danonstrates 

that the number of listeriae increased as the levd of C&decreased in both 5 and 1 1°c. 

By manipuliiting the proportiodty constant, p~*,  and using the scponential data 

points, a best fît line can be produced to the one thai is very similar to the growth m e  

of an organisn The goodness of fit of this iine oin demonstrate the effect of various 

treatment protocols to the SUCVival of the organism. 



][NTRODUCITON 

Coatamination of foods, especially those of aiiimal ongin, wiih bacterial 

pathogens is importaut because of potential pubüc health problems pl-Shenawy et al., 

1989). In this regard, foodbome diseases are an area of great concem among 

goverment agencies and in padcuIar by the g e n d  public (Sockett, 1995). This 

conceni has been generated by three main factors. The fh fàctor is the increase in 

reported sporadic incidences and outbreaks of foodbome illness. The World Health 

OrganLaton SmeiUance Program, for example, has reported increasing number of 

incidents for the years 1985 to 1989 (WHO, 1992). The second factor is the observed 

trends in disease aetiolow. Dominance of salmonellae infèction accounted for 75% of 

over 7000 outbreaks reported by sixteen European countties between 1985 and 1989, 

where the aetiology of infèction was known (Sockett, 1995). Also, newly recognized 

foodbome pathogens have emerged as important causes of illness. These include 

Listena, Yersinia and verocytotoxh-produchg Eschenchia coli. Third, the 

recognition that the costs of foodbome disease are sigdcant (Sockett, 1995). Since 

contaminafion of food can occur in any of the many stages between the tirne raw 

material is acquired and the time food is consumed, maintaining s a f i  and quality 

poses new challenges to food microbiologists. In particular, new processes which have 

the potential to extend food quality are now being examineci more closely. 

For example, considerable interest in modifieci atmosphere packaging (MAP) 

of muscle foods is now king generated in Canada and United States. M A P  with a 

carbon dioxide emiched atmosphere provides an alternative method to the packaging 
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of meat products and provides extension of sheff-life (Genigeorpis, 1985). In this 

technique, *cal atmospheres are flushed into a gas impermeable package ~~Iltaining 

food which is then Sealed; or the artifid atmosphere may be injected into a shipping 

container. Several gases induding carbon dioxide, oxygen, nitrogai and carbon 

rnonoxide can be used in the preparation of such adficial atmospheres. 

When cornpared to air, elevated levels of Ca (greater than 1 O?!) restrict the 

growth ofcornmon spoilage bacteria, such as gram-negative rods Iüce Psmbrnonar 

and mold (Baker et ai., 1985). Studies have demonstrated that elevated C a  levels can 

reduce the nurnber of aerobic colony forming units by a factor of 102 to ld / ml or g. 

This reduction in rnicrobial load is ofien accompanied by a change in the microflom 

For example, gram-positive organism usuaily predominate at elevated levels of Ca, 

but in foods without elevated Ca, gram-negative organisns tend to be predominant 

especiaily ifthe temperature of storage is < lo0c (Baker et ai., 1985). 

The principal disadvantage of using elevated levels of Ca in the packaging of 

fksh meat is the development of undesirable colours due to metmyoglobin formation 

on the tissue surface and possible oxidation of lipids (Seideman and Durland, 1984). 

Furthemore, studies have found that the efFcacy of Ca is temperature dependent. 

Clark and Lentz (1969) reporteci that the use of 20% C a  contn'buted to longer 

product sheff-Hie at lower temperatures (o'c); however, there was no detectable 

ben& at 20 '~ .  This was due primady to the &èct of ternpeniture itselfon the 

rniaobial growth rate. In view of these disadvantages, altemative methods including 

irradiation have been investigated for use either alone or in concert with other 



preservation techniques espeaally in sihiations where tempenuure abuse could occur 

El-Shenawy et aL, 1989). The pinpose of aeating foods with radiation would be to 

ensure microbiological safèty and also to extend product quality (Urbain, 1983). 

Studies have shown that low dose radiation (2 - 3 kGy) win reduce initial 

microbial populations (Thayer, 1995; Thayer et al., 1995; Lee, 1995). A longer than 

usual time period thedore is needed for the developmerit of microbiai spoilage. This 

delay constiMes product He extension In addition, these low doses would be 

sufncient to decontaminate meat with pathogens such as salmonellae, Cmmpylbacter 

and E. coli @gram and Farkas, 1977; Laaharanu, 1995; Monk et ai., 1995). Radiation 

would also be applicable to packaged or unpackageci cHexl, fiozen or dried foods 

c e g  very Me visi'ble change, with oniy minhi, or no, sensorid e f f i  especiauy 

in low lipid containing f d s  (Lagunas-Solar, 1995). However, the application of this 

technology has been limited, even though it has the advantage of being able to 

penetrate large pieces of meat or whole poultry. Its M e d  use appears to be due to 

distrust by the public of any process which depends on the nuclear industry as well as 

the lack of howledge in generai conceming foodbome infections and the effkdveness 

of irradiation (Bnihn, 1995; Resucceccion et al., 1995). 

Combination treatments have been proposed as a means of enhancing the 

pre~ervative effect of irradiation (Niemand et ai., 1 983 and Thayer et ai., 1 99 1). One 

example would be the use of MAP in conjunction with low dose irradiaton to reduce 

the numôers of spoilage and pathogenic microorganisms (Grant and Pattenon, 199 1 ; 

Patterson, 1988). Comb'med treatments involving inadiation and MAP have been used 



in various investigations including those with pork (Giaot and Patter~011, 199 1). In 

such studies, researchen found that a modined atmosphere containhg a minimum of 

25% C a  controlled microb'i growth in inadiated pork stored at  OC, compared to 

unirradiated MAP samples. Zhao et al. (1996) found that using a combination of 

irradiation (1 -0 kGy) with vacuum or elevated C a  packaging (25%, S V ? ?  and 75% ) 

resulted in no srirvival ofsalmoneilae on pork loin chops d e r  2 weeks of storage at 2 

to 4 ' ~ .  In addition, no recovery was obmed d e r  one more day of incubation at an 

abusive temperature of 2 5 ' ~ .  Decreasing the hdiation dose in comb'LIlSLtion with 

MAP rnay thedore produce fewer deleterious effécts o v d  on the sensory and 

micronutrient properties of the producî yet stil l achieve control of foodborne pathogens 

including Listeria monmytogenes (Zhao et al., 1 996). 

L monaytogenes k a grarn-positive microorganism that is widely distributed 

in nature. It is pathogenic for humans and animais (Chakraborty and Goebei, 1988). 

In humans, foodbome illness is the most cornmon form of listeriosis which may result 

in gastroenteritis. L monucytogenes can also cause bacterial meningitis and praiatal 

infections which may remit in abortion, stillbirth, and infant death. Studies have b e n  

Camed out on the effects of MAP on the growth of L monucytogens. For example, 

Marshall et al. (1 99 1) found that aithough the growth of L. monaytogems was 

moderately inhibited by MAP (76%: 13 -3%: 10.7% C&:N2:4 and 800/0:2û% C9:Nz) 

as compared to air, the organism was still capable of growth at 3,7, and 1 1 OC. 

Kallander et ai. (1991) also found that an inaeased level of Ca (700h) was ineffective 

in controiling the growth of L mopmytogenes at soc when inoculafd in shredded 
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cabbage. WWdh regards to its radiation sensitMty7 El-Shenawy et al. (1989) reported 

that this organism was more sensitive in broth @-value of 0.34-0.5 kGy) than in 

ground beef(Bvalueof0.51-1.0kGy). Tarjan(199û)found thatsomestrains ofL 

rnonocytugenes are les sensitive to inadiation and can suMve doses as high as 4 kGy. 

Since di seauis of 15 rnonocytogenes are viewed as pathogens, its hemolytic 

properties have attracted considerable attention In part this is because ofits 

association with virulence (Chakraborty and Goebei., 1988). AU nonhemoIytic strains 

are considerd nonpathogenic wMe all pathogenic strains are capable of producing 

varying amounts of hemolytic acthdy. The hemolytic activity is attniuted to a singie 

m o l d e  d e d  Listeriolysin and studies have demonstrated that hemolytic actMty was 

highest when bacteria were grown to stationary phase (Geotnoy et al., 1989; 

Leimaster-Wachter and Chahborty, 1989). Interestingly, the loss of the hanolysin 

activity was followed by a total absence of pathogenicity (McMeekin et al., 1993). 

Apparently, this loss can occur spontaneously or t can be induced by irradiation 

(Hunter a -  al., 1950) or by genetic engineering (Berche et al., 1988; Goebel et al., 

1988). Leimeister-Wachter et al. (1 992) also found thai the hemolytic actMty of L 

rnonucytogems s t rah  varied with growth temperature. In cultures that had been 

grown overnight at either 20 or 3ooc, linle or no hemolytic actMty was detected. 

However7 when grown at 3 7 ' ~ ~  the actiwty increased 8 to 16-fol& depending upon the 

strain. 

The ability to derive equations which are capable of predicting 

microbid growth over a range of temperatures may give a better understanding of the 
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risks uivolved when subjecting microorganhm to Vanous environmental conditions 

(Broughal et al., 1983). Predidve microbiology is an alternative to developing 

technology as it rnay provide fister microbiologid analyses and yet prove to be les 

cos@ (McMeekin et al., 1993). Overall, predictive microbiology aims to Summanze 

the probable behaviour of spedic spoilage organisns and the progression of spoilage 

processes in foods (McMeekin and Ross, 19%). It relies upon the development of 

mathematical models wbich cm predict the rate of growth or the decine of 

microorganisms under a &en set of enviromentaI conditions. Models are derived by 

measuring the responsa of rnicroorganisms to various conditions like ternpemture, pK 

gaseous atmosphere, chernical presewatives and water a&&. These fictors may act 

singly or in combination to affect the growth rate of the organism McMeekin et al. 

(1992) reviewed the application ofpredictive microbiology in assuring the quality and 

s a f i  of fish and fish products. Chandler and McMeekin (1 989), Fu et ai. (199 1) and 

M t h s  et al., (1987) also applied equations to predict the sheIf-He of dajr products. 

Models for red meat were considered by Gill(1986). Mathemafical modeling has also 

been used to predict the probability of paîhogen growth includkg Skphyiococctls 

aurm (Genigeorgis et ai., 1971) and CId& b o h c i m  in pasteurid, cureci 

mats ( Roberts at al., 198 1). Since temperature and storage conditions may vary 

extensively throughout the complete production and disnlibution chah, it folows that a 

general modeiing approach is required. 

The specific objectives of this investigation were to: 



1. Assess the effechveness of a combination treatrnent protocol involving MAP and 

irradiation for packaged ground beefto wntrol growth of Listeria molUIYfogens. In 

this respect, studies were Cameci out on ground beefmaiRtained at either 5 ' ~  or 1 1 ' ~ .  

The Mer ternpaature was used to rdect abusive refiigeration conditions. 

2. To determine whether the treatmerrts used to prolong the sheIf-life of the product 

i n c l h g  the storage conditions had an impact on the pathogeniaty of L 

monmytogenes . 

3. W h  the data gathered, derive a mathematical equation which codd be applicable to 

the conditions used in this study. This mode1 couid then be used for predictive 

purposes to ensurd assess d e  handling of the product. 



Microbial and Safety Implications of Ground Beef 

Deterioration of whole, muscle meat results from a number microbiological and 

biochemical Mors  (Huis in't Veld, 19%). It has been long established that 

cumfninution accelerates the process of spoilage in fie& mat (Rogers and McCleskey, 

1957; von Holy and Hohpfel, 1988). Contributhg fàctors include: that integity of the 

meat has been compromised f?om the @cihg process thedore, it is more susceptable 

to rnicrobial spoiIage primarily tlirough an increase in SUTfàce am; grinding allows for 

fiirther penetration of initial surface contamination; and there is potential for added 

contamination during the grinding process. In addition, potenfially pathogenic bacteria 

present in meat are not detected during veterinary inspection at the t h e  of slaughter 

(Pivnick et al., 1976). 

Epiderniological data indicate that adequately cooked beef has not been the 

cause of foodbome disease unless it bas been rnishandled or recontaminated after 

cooking (Anon 1975). However, comumption of raw or grossly undermked ground 

beef has resulted in outbreaks of toxoplasmosis (Lord et al., 1975), sahonellosis 

(Fleming et al., 1973) and hernorrhagic colitis (Doyle, 1991). Contamination of 

ground beef in the United States with E. wli O1 57337 caused 477 cases of severe 

hemorrhagic diarrhea, some of which progressed to the hernolytic uremic syndrome 

stage with tbree deaths (Thayer, 1995). Thus, eliminating the presence of pathogens 

andl or cuntroIling their growth during production and storage is key to extending 
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product sheif-Me and asSuring &&y. Many orgariisms including pathogens, do not 

grow or grow very slowly in products that are adequately r&gerated (< 4'~). Also, 

they are destroyed by cooking when the center of the rneat is no longer pink; about 

70°c (Phdck et al., 1976). Among the numerous parameters which affect both the hg 

phase and rate of growth of micrwrganisns is the temperature of the environment and 

composition of the atmosphere in w k h  the food is kept (Genigeorgis, 1985). At the 

presenk the proper control of these parameters is used extensively in extending the 

sheIf-life of fiesh muscle foods (Wolfe, 1980). 

Shelf-üfe Extension 

Wfi consumer driven dernands for les pro& and more natural 

fmds containing fewer additives, there is a growing ernphask on refiigeration as the 

primary means of restricting the growth of pathogens and spoilage microorganisms 

(Kirov, 1993). Some organisms Ne Aeromonas and Listeria are mesophiles but have 

the ability to grow at chi11 temperatures of 3 to SOC (Kirov et ai., 1990; Beuchaf 1991). 

For example, Aeromonas species nahiraly praent in foods showed a 10 to 1000-fold 

increase during 7 to 10 days storage at Soc (Callister and Agger, 1987; Berrang et al., 

1989). Likewise, Kallander et al. (1 99 1) observai that Listeria increased 1 log over a 

13 d storage period at the same temperature. As weii, van Garde and Woodbum 

(1987) stated that the normal temperature maintained in 200/0 of home reftigerators 

sometimes exceeded 10'~.  These observations not only impact on the prospect for 

foodborne illness to hcrease but also the need to develop rnethods for sheLf-iife 
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extension of products at temperatures slightly above fieezing (Jaye and Ordal, 1962; 

von Holy and Holzapfel, 1988). 

ModÏfîed Atmosphere Paeksging Teehnology 

Modified atmosphere packaging (MAP) has becorne an increasingiy 

common approach to extend the shelf-life of perishable refiigeraîed foods (McDaniels 

et al., 1984; Rice, 1989; Ingharn et al., 1990; Wmpfheimer et al., 1990). In this 

technology, food is packaged in high bamier packages in which air has been replaced 

with an artScial, modifieci atmosphere. The most comrnon gases used include: 

oxygen, nitrogen, air, carbon dioxide, or more commonly, a mixture of two or more of 

these gases (Seideman and Durland, 1984). Nitrogen, an inert ps, is used as a filler to 

reduce the concenirations of the more active gases. Gases, like 6, are used are to 

prwent d o r  deterioration, while C a  is used to control spoilage bacteria such as 

PseudOmom, Acàletobacter and Moraxeilla and mold. For pouitry, packagmg under 

high C a  atmospheres (20%) has been reporteci to extend the storage life 

approxhmtely threefold over that attained for similar products stored in air (Hotchkiss 

et al., 1985; Sanders and Sm, 1978). When compared to air, C a  lwek greater than 

IO'?? inh'bit the growth of comrnon spoilage bacteria, p ~ c i p d y  gram-negatke rods 

@aker et ai., 1985) while ailowing many gram-positive organisns to proliferate. In 

efièct, development of off-odors, off-colors and spoilage that are associateci with rapid 

growth of gram-negative psychrotrophs may be inhi'bited and therefore deterioration of 

the product is slowed (Wmpfheimer et al., 1990). This scenario, however, m y  play a 
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signifiant role in the f iqency  of foodbome illness because normal clues for food 

spoilage rnay be absent, despite the presence of sufncient numbers of pathogens to 

cause illness. 

Theories regardhg Ca's role in the inhiition of microbial growth 

have been proposed. It is believed that C a  rnay affect ce11 membrane permeabiiity 

(Enfiors and Moh, 1979). may be a result of C 4  acamuIation in the 

membrane of the lipid bilayer, thus Uicreasing its fluidity. Labuzi et ai. (1992) 

proposed that one of the hctions of C a  was to mate carbonic acid on the food 

surface. Surface micrwrganisns would dissipate energy in an effort to maintain their 

internai pH, thus, resulting in retard'ing in growth. 

W h  respect to aerobes, the efficacy of MAP is partiaily due to the fact 

that at reduced a conditions or lack of 02 conditions, these organisns are denied 

electron acceptors. This deneases their ability to grow or survive. In &kt, C G  does 

not have an inhi'bitory effèct on anaerobic spoilage or pathogenic organisms (Johnson 

et al., 1974). 

Research has confirmed that a major concern with the use of MAP is 

whether Wtaî ive  ~ o b k  pathogais, such as L. rnomcytogenes, S ~ ~ I 0 ~ 0 c c u . s  

aurem and WmoneIla, a n  grow to dangerou Ievels before nonpathogenic spodage 

organisns, çuch as P d m o n a s  signal spoilage by production of offensive odors and 

siime (Seideman and Duriand, 1984; Daniels et ai., 1985; Hintlan and Hotchkiss, 

1987). 



Influence of MAP at temperatures greater than lo0c 

Carbon dioxide at levek of 20% or more extend shelf-life by inh'biting 

the growth of many psychrotrophs (Baker et al., 1985; Hotchkiss et al., 1985). The 

inhiiitory &ect of C a  on rnicroorganisms appears to be d c a ü y  influenced by 

temperature (Knoche, 1980; Gould, 1996). SilIiker and Wolfe (1 980) found that 60% 

Ca sigdicantly reduced the growth rate of salmonellae inodated into ground b@ 

cornpareci to samples in air at 10'~. Their r d t s  also indicated that the efFiéct of MAP 

on salmondae growth at 20°c was very slight. In addition, îhey demonstrateci that 

staphylococci inoculateci (104 CFü/g) into ground beef did not grow during storage at 

10'~; however at 20°c, slow growth ocairred durhg the fh t  60 hours of storage 

(fiom 1 o4 to 1 O' CFU/g). 

Enfors and Molin (198 1) also reporteci that the inhi'bitory effects of 

Ca were temperature dependent. They studied the effect of 50% C a  o n  the growth 

of PSeualOmonmfragi in muscle food and found that the growth rate was inhi'bited 

about 30% at Xoc, 50% at 3 0 ' ~  and, 900h at SOC. niese researchers concluded that 

the inhibitoxy dect of C a  inaeased successively with decreasing temperature. This 

effect was explaineci by the increasing solubility of Ca with decreashg temperature 

(Knoche, 1980; Ogxydziak and Brown, 1982). 

Baker et al. (1986) foud that atmospheres containing elevated C a  

Ievels reduced the growih rate of Salinonefh ~ h i m u n ' m  and S atrrerrs when 

inOCU(SLIed into ground chicken over a temperature range 6om 2 to 13'~.  However, at 

7 days, inoculateci samples held at 7 and 1 3 ' ~  contained microbial popuIatio11s that 



were too nurnerous to 

1000h air or 80% Ca. 

be considered abusive 

13 

count regardles of whether the samples were packaged in 

The authors noted that storage at temperatures of 1 3 ' ~  would 

for fie& chicken carcasses or parts. Temperatures which 

promoted pathogen growth in 80% Ca also promoted the growth of Ps. fiagi. 

In gaierai, temperature had a grrater iafhience on the growth and 

survival of microorganisms than did the composition of the atmosphere. 

Irradiation Technology and Its Present Status 

Irradiation is grouped hto three categories based on the dose applied. 

Radappertkition or commercial sterility requires doses greater than 20 kGy, 

radicidation or desirution of aii non-spore f o d g  organisms requires les than 10 

k W ,  and radurization or radiation pasteurhiion requires 10 kGy or l a s  (Jay, 1970; 

Josephson and Peterson, 1983). 

Therefore, depending upon the applied dose levei., food irradiation has 

rnany uses in processhg. For example, thae is a thousand-fold ciifference between the 

dose reqyked to inhiii sprouting of vegetables and potatoes (0.05 - 0.15 kGy), and 

that required to ka ail microorganisms, that is, st-on (25.0 - 50.0 kGy. Jones, 

1992). 

In Canada, food irradiation has been approved for some commodities 

since 1960 under the food additive regulations. In 1983, foilowing the acceptance of 

the I n t d o n a l  Codex Standard, Health and Welfàre Canada r d e d  the existing 
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regulations for the application of food inadiation and proposeci new reguiations 

recognizing food irradiation as a process of food preservation (AIUCIFST, 1989). 

Effect of irradiation on the microflora present in food 

Wah radUriZanon, not di rnicroorganisms present in a product are 

kiiied (Urbain, 1983). Doses of 2 to 3 kGy are SuffiCient to destroy gram-negative 

pathogens lke SaIrnoneZllq CàmpyZobacter and E coli O 1 5TH7 (Ingram and Farkas, 

1977; Loahatanu, 1995; Monk et al., 1995). However, some gram-positive organisms, 

like LiJler4 are l e s  seositive to irradiation (El-Shenawy et al., 1989) and wuld 

suMve treritment. Duriog storage these SUCViVors rnay muitiply especially if the food 

was temperature abused. There are also concems as to alterations in the character of 

the ultimate spoilage pattern in a way that the consumer rnay not recognize as spoilage 

(Urbain, 1983). 

Grant and Patterson (1995) studied the thermal D values for L 

monocyfogenes CRA 433 in inoculateci roast beef The observed thermal D values for 

L monocpogenes at 60, 65, and 70'~ in absence of pre-irradiaton were 90.0, 53 .O, 

and 28.0 minutes, respectively, whereas thermal D values &er pre-irradiation were 

46.4, 1 5 -3, 7.8 minutes, respectively . A dose of 0.8 kGy caused a signifiant decrease 

in thermal D values, suggesting tbat irradiation treatment semibs  Lisiera. The 

persistence of the sensitiPng &ect was a h  observeci after storage at 2 - 3 ' ~ .  D 

values obtained d e r  irradiation and storage remained lower that those obtained for 

h h g  alone. These hdings suggest that any listaiae surviving irradiation of a cook- 
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CM meal would have increased heat saigbivity throughout the refiigerated sheIf-life of 

the cook-chill meat (Grant and Patterson, 1995). 

Effect of MAP and Irradiation as Combined Treatments 

Even though MAP caa reduce growth of aerobic spoilage and 

pathogenic miaoorganisns, it does not g e n d y  kiü them (Wimpfheimer et al., 1990). 

When C&nriched atmospheres are removed f?om packaged foods (when the 

package is opened), an ùiifial lag phase is observed before gram-negative bacteria begin 

to grow again, These micrwrganisms wiU dtimately spi1 the product especidy when 

stored at < 5Oc (Silliker and Wolfe, 1980). 

Irradiation doses fiom 1.75 to 5 kGy can extend product shelf-life 

when stored at chiu temperatures fiom 6 to 14 days (Grant and Patterson, 1988). 

Also, it can greatiy reduce the number of pathogens such as Salmonella and 

CmpyIobacter (Kampelmacher, 1983; Grant and Pattenon, 1988). Grant and 

Patterson (1988) found that a dose of 1.75 kGy can signifïcantly reduce the total 

bacterial count on commercial pork However, not al1 microorganisms are destroyed at 

these doses (Thornley et al., 1960). 

It has been found that the use of combination presemation treatments 

can be advantageous. Combined treatments principaüy d o w  for the thees extreme use 

of any Sngle treatment, with consequent improvement in product quality (Mhaar et al., 

1992). In this respect, many praavaOon systems are more effective when used in 

combination rather than Sm& (Godd, 1989). Therefore, combination treatments 
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have been proposed as a means of enhancing the preservative effect of irradiation 

(Vas, 1981). One potentiai combination protocol is the use of irradiation with 

MAP. Hastings et al. (1986) compared the irradiation resistance of lactobacilli 

isolates from beef irradiated in a normal atmosphere to beef irradiated under 

various atmospheres. The Dl0 values were found to be lowest when the isolates 

were irradiated under 100% CO2, as compared to air, vacuum or Nz. This 

suggested that irradiation and Ca acted synergistically to enhance the lethal 

effect. In contrasf Patterson (1988) found that the irradiation sensitivities of 

Strepococcus faecalis and S. aureus were unâffected by the atmosphere in which 

they were packaged (100% air, 100% CO2, 100% Nz or vacuum). However, the 

authors reported that the Dio values of Pseudomonus putida, Salmonella 

typhimtirium, E. coli, Morme fia pheny@ywica and Laciobacillus species 

decreased when irradiated in atmospheres other than air. Patterson (1988) found 

that the presence of a CO2 atmosphere during irradiation generally contributed a 

higher lethal effect as compared to air or N2. 

Presentiy, ffew studies have f o d  on the survival and growth of 

pathogens during storage in inadiated, modifieci atmosphere packaged food products 

under temperature abuse conditions. Grant and Patterson (1991 b) stated that when 

high inoculum levels (106 CFU) of either S. typhimUlTUm, L monucytogems or E. mfi 

were used, the microbiologicai s a f i  of irradiated pork packed in 25% C a :  75% N2 

and stored at abuse temperature of 10 or IPC was irnproved since aii organisms were 
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significantly reduced. Furthemore, duruig storage, these pathogens were outgrown by 

lactic acid bacteria 

Incidence, SUryiyal and Gmwth of Lh%iz moliocyfogenes in Foods 

The ganis Listena contains seven species: L monaytogeenes, L 

seeligen, L L i ,  L mnocUa, L wekhirneri, L grayi and L mwayi (Lovett, 

1990). Of these seven species, L monucytogenes is the principai pathogen in humans 

and animals. This organism is a mesophilic coccoid rod, with high sait toleranance and 

has a minimum growth temperature of approximately 2.5'~. Therefore, it is also 

considerd to be a psychrotroph At 4 to SOC, L. r n o w o g m s  has a doubhg time 

in rnilk and cran of 1.5 to 2.0 days (Rosenow and Marth, 1987). In soymiUc 

(Ferguson and Shelef 1989) and eggs its doubhg time is 1.6 and 1.7 days, 

respectively (Sionkowski and Shelec 1989). 

L monocytogenes also has the ab* to grow at a pH 5om 4.7 to 9.2 

with a water actMty (aw) requirement of 0.92 or higher (Wehr, 1987). It is well 

documentai that it exkts and multiplies as a saprophytic organisrn in the soi1 and on 

plants as weii as in sewage and river water (ANON, 1991; Farber and Peterkin, 199 1; 

Wegener et al., 1993). In D e  L momcy!ogenes has been beenlated fiom d e  

food items such as beets (31%), straw (29%), grain (23%), and hay (17%). 

Furthemore, it was present in 18% of 44 examined f d  sarnples in and around 

milking cows ( M N ,  1991). Comequently, it is not surprishg that bulk mi l .  may 
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contain L monocytogenes. In the U S 4  up to 12% of niilk deliveries have been 

reported to be L monucytogenes positive (Lovett et al., 1987). 

This organisn has also been detected in Seafbod, leftuce and is known 

to be ZLSSOCiafed with animai products (for example, beef and poulm) which are used 

for human consumption (Ingluun, 1990). It has the a b i i  to grow microaerophidy 

between 2 - 4 5 ' ~  (Shele 1989). L monmytlognes a h  also a cocomaminant of m k e d  

meat and poultry products (Nicholas, 1985; uigham, 1990). In 1985, Nicholas isolateci 

L momcytogenes fkom 5 of 52 samples of fiozen ground beef in France. Published 

reports f?om the USA and Europe have confirmed the presence of L monucytogenes 

in approximately 25% and 47% samples of fksh meats and poultry, respedvely 

(SheleS 1989 and Bailey et al., 1989). Reported CFLPs in raw meats ranged from less 

than 20 to ld per gram The abiiity of the bacterium to Survive and grow in meat is 

particulariy important since rneats rnay be mnsumed a e r  a brief heat treatment, which 

may not be wflicient to kill ail viable ceiis (Karaioannogiou and Xenos, 1980). 

Listeria is respomible for approximateiy 1700 cases of foodbome 

illness every year (ANON. 1989). The severity of l.st&otis is evident in the fact that at 

least 54 of these cases resuIted in death. Sporadic cases and epidemic outbreaks of 

listeriosis have been reported in humans and in various animal species (Farber and 

Peterkin, 199 1; Rocourt, 1994). In the U S 4  an annual incidence rate of listerosis in 

the hurnan popdation has been estimated at 0.7 cases per 100,000 population 

(Schuchat et al, 1991). The mechanisms by wbich L. monwcytcgeraes causes kerïosis 

are pooriy understood. The bacterium produces a series of toxins which may be 
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involved in the disease processes. Primary mamfestations of the disease in humaos are 

gastroententis, meningitis, abortion, and p r e n d  septicemia. Those individuais having 

the greatest risks for the development of the disease are pregnant women and 

newt>om. Immunocompromised individuals with undertyuig iunesses such as 

maîignancy and cirrhosis also are at substantially higher risk than healthy individuais 

(Wehr, 1987). 

Wah the Food and Drug Administrati 
. . 

'on and the Health Canada 

mandate of a zero-tolerance level for L murztxytogenes in ready-to-eat food p rodm 

(Andrews et al., 1995), it is imperative that proâucts be completeiy eee of this 

bacteriwn upon reaching the retail market. Although the organism can be injured by 

exposure to a variety of food proceshg treatments inchidhg heating, ffeePIlg and 

exposure to acids or witking compounds @euchat et al., 1986; Bunning et ai., 1988; 

Golden et ai., 1988), sublethany injureci listeriae may be capable of repair in certain 

food products and therefore, possess the potentiai for pathogeniity. Meyer and 

DonneUy (1991) found that the abdity of heat injured L monqflogenes to undergo 

repair in pasteunzed rriilk was semitive to increases in temperature. For acample, at 

4Oc repair was cornpleted d e r  16 to 19 days. However, this time was shortend to 4 

days at 1o0c, and 13 and 9 h at 26 and 37'~, respectively. Chawla et al. (19%) found 

that refi-igdon was the most effective means to prevent the repair of heat injured L 

momcytogenes. Conversly, they noted that acposure of injured Listenu to abusive 

temperatures enhancd repair. 
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Due to its ability to survive and proliferafe under adverse conditions, 

like CHI temperatures, and its ab* to grow in rnicroaerophilic enviromnents 

(Wimpfheimer, 199û), the behavior of L monocytogerzes is of interest in refrigerated, 

extendeci sheIf-ISe foods, such as those packageci with a controiled, or m&ed 

atmosphere. 

Radiation sensitivity of L mullocytoBenes 

Due to the organism's ubiquitous nature, its a b i i  to grow at chiU 

temperatures, and its resistance to desiccation and fieezing, WHO (1988) has 

suggested that irradiation could be used to eliminate L monucytogenes fiom certain 

susceptible foods. 

Studies have show that 2.5 - 7.0 kGy is sdlïcient to eliminate Iisteriae 

(WHO, 1988; Stegemaq 1988; Pattenon, 1989). Mead (1990) confirmed that L. 

rnonmytogenes is a ammon contaminant on raw chicken carcasses but showed that 

numbers are likely to be low irnrnediately after processing and that they were largely 

destroyed by gamma irradiation using a dose of 2.5 kGy. Where survivors were found 

after irradiation, they either recovered slowly fiom subletha1 injury or multiplieci to 

detectable levek âom snall numbers of uninjured tek. These authors noted that 

Li&a seem to grow weii on poule skin at 5 ' ~ .  However, any multiplication before 

irradiaton wouid reduce the chances of completely elinmiating the orgamSm fiom 

chiIled carcasses (Mead et al., 1990). Tajan (1990) found that some strains of L 

morwcytogenes codd survive irradiation treatment as hi& as 4 kGy. In addition, celk 

which surviveci lower radiation doses (0.5 -2 kGy) d d  multipiy during storage at 



21 

ref?igerator temperatura. Furthemore, the r d t s  of Mead a ai. (1990) did not 

support those of Huhtanen et ai. (1989) which showed that 2.0 kGy was sdlïcient to 

destroy 10,000 CFU of L momcpqgenes on pultry. 

Proteetive effect of beef tissue on L motwg&qpa 

Muider (1982) mggesteci that the protective &kt of rneat on the 

radiation response of microorgankms r&d f?om the presence of protein Food 

components, such as proteins, are thought to compte with bacteria for interaction with 

radicals formed during the radiation process (ürbain, 1986). Thdore,  the irradiation 

medium has a significant ai on the radiation resistance of the micrwrganism For 

example, Patterson (1989) obtained lower Dia values for L monocytogenes in 

phosphate-bu61 saiine as comparai to poultry mat. El-Shenawy et al. (1989) and 

Mdder (1982) also found thai the resistance of various strains of L momqdtogees 

increased when the suspending medium was changed from saline to poultry meat. 

Mdder (1 982) cuncluded thaî resistance of L momcpogenes to radiation is dependent 

on the menstruum and strain. G e n d y ,  the bacterium is more resistant in beef than in 

broth To date, no attempts have been made to detemine the radiation resktmce of L 

monucytogenes iu meat as iduenced by tissue type (lem or nitty). 

Pathogenesis and vinilence of L monocytogenes 

The psychrotrophic properties of listeriae are of padcular importance 

and have been studied in pathogenic and non-paîhogaic strains (Junttila et ai., 1988). 

In this respect, it was observed thaî Wulent strains of L nwmcpogenes grew at lower 

temperatures (O to  OC), suggesîing that they have a higher tolerance to lower 
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temperatures and may better survive harsh environmental conditions wmpared to other 

listerizte strains (Juntîifa et al., 1988). 

AU pathogenic strains of Listerra7 @en proper culW conditions7 are 

capable of producing vaqing amounts of hernolytic actMty (Chakraborty and Goebel, 

1988). The hemolytic actMty obtained in Mvo bas been aîûï'buted to a single moleaile, 

Listeriolysinsin Listeriolysins are proteins believed to be the principal vinilence fàctors 

and since non-hemolytic strallis are not Ment ,  they lack Iisteriolysins (Shele 1988). 

The exact hction of listeriolysins during the Ulf 'ous process is not well understood. 

It is thought to play a role in disniption of phagosomes of mononuclear phagocytes 

and in the release of intraceiiular Von durhg the infkctious process wdder and Sword, 

1967; Kingdon and Sword, 1970). In the latter situation, release of sequestered iron 

facilitates bacteriai growth (Weinberg, 1974). Listeriolysin is toxk to both 

eq&rocytes aad leukocytes (Njoku-ûbi et al., 1963). Also, hemolytic activity may 

enable the bacterium to SuMve the phagcqhc process (HoS 1984). 

Attempts have been made to establish a correlation between hemoiysin 

production and L monmyfogenes virulence. However, Hof (1984) reported that the 

hemolytic activïty of a number of Listeria straios M e d  to show a correlation with 

vintience. Drastidy reduced hemolytic activity was observed after pwifïcation of 

crude hemolysin, suggesting that there may be more than one hemolysin present 

(Jmkim et d, 1964). 

The loss of hemolysin production is foiiowed by a total absence of 

pathogenicity (Hunter et al., 1950; Hoc 19û4); this can ocair spontaneoudy (Pine et 



23 

ai, 1987) or can be indu& by irmdiation (Hmter a al., 1950) or by genetic 

engineering (M et ai, 1988). Non-hawlyhc pheaotypes may be induced étha by 

blockade of the hemoiysb gene itseif or by a functionai abrogation of a promoter 

region regulating the hanolysin gene achdy (Leimeister-Wachter et al., 1989). 

Leimeister et al (1992) reporteci that the pathogenic fimors in L 

rn0rzucytogem.s are dependent on growth temperanrre. The expression of list&olysin is 

positively reguiated by a ttanscnptional activator, the RE9 gene product. Mutation of 

Wulence genes are positiveiy reguiated at the wnsQiptiona1 level by the production of 

the PrfA gene. These researchers observed that the pattern of transcription of PrfA 

was more cornplex at 3 7 " ~  than at 20'~. 

Mekalanos (1992) and Datta (1994) found that Wulence/pathogenicity 

of L monocyt0gmae.s was affecteci by various subshate fàctors. Furthemore, Buncic et 

al. (1996) observeci that storage of two L. molulcyfcgenes strains (NCTC 7973 and a 

food isolate) under conditions that prevented th& growth (that is, in nutrient fiee 

substrate at refigeration tempeniaire) r d t e d  in attenuated pathogeniaty as weii as in 

an extendeci lag phase when moved to 3 7 0 ~ .  However, pathogenicity and growth 

characteristics of a clinical strain, used in the same study, were les affected. Avery and 

Buncic (1997) observed that clinid strains of L monucytugenes rnaintained 

pathogenicity significantly longer than food strains when exposed to unfàvourabIe 

storage conditions (4'~). It bas been hypothesized tbat resistance of certain strains of 

L monocytogenes to negative &ors acting in foods may contniute to the partidar 

capabiity of certain strains to cause illness and consequently, becorne clinicai sixains 
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(Avery and Buncic, 1997). This is supporteci by findings that stress, acid, or stationary 

phase growth induced ceiiular rnecbanisms that sigdbdy affect Wulence of some 

strains (W e!t al., 1995; Rees et al, 1995; Archer, 1996). 

To date, no studies have been reported on the &èct of environmental 

conditions, such a s  temperanire mdhr Ca in cmjunction with irradiation, on the 

Wulem ofL rnonocytugenes and its pathogenesis in animals. 

Mathematical Modeling and Its Application in Mierobiology 

Cmently, there is considerable interest in modeling the &ects of 

different parameten on the growth of microorganisns to predict the shelf-life and 

safety of foods (Baird-Parker and Kilsby, 1987; Gould, 1989, Roberts, 1990). In food 

microbiology, mathematical modeling is an area w k e  models are used to descri'be the 

behavior of microorgamsnS under Werent physïcal and chernid conditions. 

Quantitative models are used to design and interpret the results of rnicrobial 

experirnents. In some areas of food microbiology, it bas been standard practice to 

rnake use of mathematical modeis (Godd, 1989). An example is the thermal death 

time mode1 for the destruction of Clasadlm b o h r 2 '  spores during heating of low 

acid canned foods. Roberts and Jarvis (1983) considerd rnathemafid modehg to 

involve measuring the growth responses of this organism to &ors influencioe, the rate 

and type of microbiai growth in food and fiom those data, attempthg to predict what 

wiii happen during storage. 
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Many extrhsic and intruisc factores, including pK, water achity (&), 

nutrieni content, antirniaobial cuastituents inciuding cornpetitive organisns, and 

temperature bave been show to affect the rate and the extent of microbii growth in 

foods (L,abuza et al., 1992). These fàctors may act singly andlor have synergistic 

effêcts. Of the many factors that infiuence the rate of change of ~crob'i munbers in 

fOOdS, pK A, and temperature are partiCulady miportant in mathematical moâeiling 

(Christian and Waltho, 1962; Roberts and JaMs, 1983). 

Gould (1989) suggested that although modehg of niaobial growth 

and Survival is applicable to al l  types of oiicroorganisns and to sorne extent to parasifes 

and Wuses, primary concentration should be focused on food related rnicroorganisns 

that are of major public health significance with most efforts directeci to Solmonekz 

typhmnrrim, Senteriadis, L rnonaytogenes, C l ~ b i c a  and BBacillus species. The 

Microb'd Food Safety Research Unit of the United States spent approximately 

USMOO 000 in a five year program on shidying the Héct of temperature, NaCl 

concentration, pH, &te concentration and gaseous atrnosphere on L momcyttogenes 

(McMeekui et ai, 1993). This b e l  of research acpenditure is the result of the 

aiormous wst of food poisoning outbreaks 

Arrhenius Law 

The Arrhenius equation descn'bes the &kt of temperature on the rate 

of chernical reactïon (Labuza et al., 1992). It has been successfiilly used in descnÎmg 

the temperature dependence of many Smple and complex chernical reactons. Since 

niicrobial growth is a cornplex set of enzyme-mediated biochemid reactions, it aui 
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also be characterized in temis of overd advation energy if ail ecoIogical &ors are 

kept constant (Labuza et al., 1992). The Arrhenius rehîionship models the effect of 

temperature on growth by (Labuza et al., 1992): 

where, S = the number of microorganisrns (CFUhl) found after time t 

SO = imtial population 

k = specific growth rate of bacteria over a lirnited temperature 

ko = "collision" or '"nequency" factor 

T = the absolute temperature in K 

R = universal gas constant (8.3 14 J/mol) 

EA = activation energy (Umol). 

Equaîion 1 is generdy known as the Arrhenius Law (Ratkowsky et al., 

1982). 

The specific growth rate constant, k, is an index of the growth rate for a partidar 

organisms (McMeekin and Olley, 1986). It has a maximm value at the optimum 

temperature of growth for the organism and is zero at temperames that are greater 

than the rnaximm or less than the minimum temperature of growth. The EA is a 

measure of the temperature sengtMty of the growth rate dependent reaction. The 

higher the EL the greater the increase in growth rate for an increase in temperanire. 

This value for miaobid growth ranges km 60-120 kl/mol (Labuza et al7 1992). 
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The Arrhenius Law states tbat a plot of the log of the growth rate 

constant versus the reciprocd of the absolute tanpgdture wili give a straight liw, as 

seen in Figure 1. This mode1 can be used to predia the growth rate of an organisn for 

any temperature condition as long as it is within the upper and lower limits of the 

temperature range used to create the data set. 

Shce bacterial growth is an interaction of a complex set of reactions 

involving both catabotic and anabolic processes, Arrhenius plots of speafic growth 

rates may deviate fiom Linearity. As a coosequence, when a plot of the log of the 

growth rate constant against the reciprocai of the absolute temperature is made7 the 

curve which redts is concave downward towards the 1Lï axis instead of a straight line 

(Johnson et al., 1974; Ra&owsky et al., 1982). 

Bacterial growth is a cornplex biological process involving a varkty of 

substrate and enzymes, thus the Arrhenius Law does not adequately descriie the e f f i  

of the temperature on growth of bacteria (Ratkosky et al., 1982). Withlli a microbial 

cell, there are many eflzymatic and metabolic changes. Since the Arrhenius equation 

was onginally fomdated to describe single step chernical reactions, it does not 

adequately descrii the relationship between temperature and bactaial growth. Also, 

as the r d o n  mechanûms change in the ce1 as the result of temperature change, the 

EA may also vary (Ratkows& et al., 1982). The EA energy may vary as much as three- 

of four-fold throughout a single set of data depending upon which portion of the data 

setisused. 



Figure 1. Arrhenius mode1 plot for Ps Jkgi  growth rates in the range of 2 to 22'~.  
Data taken &om Labuza et al., 1992. 





Square Root Mode1 

Ratkowdq et al. (1982) r&ed the Arrhenius equation to more 

acairately rdect bacterial growth; this rhement resulted in an equation relathg 

tempemture to the square root of growth rate. The equation is: 

& = b ( ~ - ~ 3  (2) 

where, k = the s p d c  growth rate constant over a limitai temperature 

b = the cdEcient  found £tom the dope of the regression line 

T = the temperature in K 

T- = a conceptual temperature below which no growth can 

OCCUT 

As shown, this model demonstrates the temperature dependence of the 

specifïc growth rate constant at temperatures between the minimum and the optimum 

temperatures for growth of the organisrn One of the advantages of the square root 

model is that t provides a good linear fit to experirnerital data 

This relahionship was found to apply to data for 43 strains of bacteria 

grown at temperatures ranging f?om their minimum to just below their optimum 

temperature (Raikowsky et al., 1983). Che of the advantages of the square root model 

is that it provides a good linear P to Bcperimentai data As show in Figure 2, the T, 

vahe is derRred by extrapolahg the regression Iùie to the temperature axis; the vahe 

of T when .jk = 0, by regression T, is not the minimum temperature for growth of 
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the rnicr0omanir;mfi; it appears to be an hinsic property of the organisn (Chandler 

and McMeekin, 1985). T- is usually 2-3'~ lower that the temperture at which 

growth is M y  observed. It has been descri'bed as the conceptuai temperature or 

the "biological zeroyy a -  the low end of the temperature range (MM& et ai., 1993). 

T, may be used as a b i s  for the categorizaton of bacterid as psychrophiles, 

mesophiles or thermophiles, as seen in Table 1. 



Figure 2. Square root of relative growth rate as a f'unction of temperature for 
psychrotrophic spoilage (T- = -loOc). Data taken Erom McMeekin and Olley (1986). 





Table 1. T, values for various bacterha 

Chsification Culture T, (K) 

PSYCHROPHILE P h o n a s  sp. LI2 248 

PSYCHROTROPHS 

Proteus morgmï 

fichenchia coli 

P&rnonasmru@oscl 

Acinetobacter sp. 

Baciiius c i rcuh  296 

aata taken fiom Chander and McMeekin, 1985. 
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T, is a hypothetid concept Snce the Square Root Model is valid 

ody at temperatures where water aaMty is not changing due to ice formation 

(Ratkowsky et al., 1982). Ratkowsky et al. (1982) stated that this value is an intMsic 

pro- of the organism when growth conditions, other than temperature, are non- 

limiting. For psychotrophic spoilage, the T, d u e  is 263 K (approxhately - 10'~). 

In Figure 3, a cornparison of rates at any temperature T and O'C can be made. From 

Equation 2: 

where, l~ is the specdic growth rate at O'C. 

Using temperatures in degrees cebus h e a d  of Kelvin, Equation 3 can 

be rewnften as (McMeekin and Olley, 1986): 

Thedore, if the rate at OOC is taken to be 1, the relative square root rate at 1 0 ' ~  = 2 

(relative rate = 4) and at 2 0 ' ~  = 3 (relative rate = 9), as seen in Figure 3. The basic 

principle of relative spoiIage rates can also be applied to mesophiles, including 

organisns of public hedth sigrdicame, like E. wli and coliforms. 

However, at higher temperatUres, w o n  2 ceases to mode1 growth 

adequatdy due to the inactivation or denaturation of protebs, the increasing inftuence 

of mesophilic flora and other fàctors (McMekin and Olley, 1986). In this respect, the 

psychrotrophic relative m e  works weli at tanperahires up to 15 to 2ooc, however, 

at elevaîed temperatUres, discrepancies are found (McMeekin and 01% 1986). 
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Ehpanded Squm Root Model 

The optimum temperature for growth of mesoph*c organïsms iike E 

cdi and S. tphimun'm, whïch are of health concem, is u d y  in the region of 30 - 

37°C However, considerable growth may also occur up to 45 '~ .  This temperaîure L e s  

in the area between the optimum and xnaimum temperature of growth- The square 

root mode1 descn'bes the &kt of temperature between the minimum and the optimum 

range. However, the specific growth rate deciines quite mackedy at suboptimal 

temperatures Snce heat denaturation of ceii proteins *ui occur and death rnay r d t .  

Thus, to deScnbe the temperature dependence of the growth rate in the optimum and 

the ma>cimum temperature regions, the equation has been extendeci as foiiows 

(h4cMeekin and Oiiey, 1986): 

where b, T, and T, are the same as Equation 2 

c is the dope above the optimum, and 

T,, CC) is the maximum temperature at which growth is observeci 

This mode1 describes the growth rate of an orgmisn around the 

optimum and the maximum temperahue (Zwietering et ai., 1991). When T is much 

lower than T,, the term in the braces, (1, is negligiile and Equation 5 becomes the 

S<ruare Root Modd m o n  2). As T increases and approaches T,, the term in the 

b m  becomes more important untiI it dominates and the growth rate $Us as T 

exceeds the optimum temperature, reaching zero when T= Tm. 
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The parameters b and c have no interpretable meaning- They presait 

to enable the mode1 to fit the data for tempgatura above the optimal temperature. 

The Expanded Square Root Model has been succesMy applied to data for 29 strains 

of bacteria (McMeekin et al., 1993). 

Both T, and T,, ocair at points where the square root plot imersects 

the tempaahire axk at Jk = O (at both points where the growth rate is zero). Just as 

T, is the 'biologicai zero' at the low end of the temperature range, T, is the 

'biological zero' of the hi& end of the temperature range (McMeekin et al., 1993). 

Since it is very ciBicuit to obtain accurate data at very low growth rates, the T- and 

T,. may not be tme temperature linnts. Thus, this is a disadvantage of the Square 

Root and the Expanded Square Root Model. WEe the Square Root Model, the 

predictive value of the Expanded Square Root Model is guaranteed only at a constant 

temperature within the temperature range of bacterial growth (van Impe et al., 1992). 

Additionally, Eeezing aiters water activity and affects the growth rate 

causing the a w e  to deviate nom LUieaTity. Thus, the actual minimum temperature of 

growth rnay diffa fiom the extrapolateci T, value. For example, the calculateci T, is 

3.5'~ for E. col", but the B<perimentaiiy determineci minimum temperature for growth 

of tbis organkm is 8Oc (Zabuza et al., 1992). 

Gomperb Function 

The Gompertz Function is a quantitative model used to descll'be 

growth kinetics. It has been shown to empiridy model microbial growth m e s  with 
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reasohle auniracy and to produce statiSticaUy interpretable summaries (Gibson et ai., 

1988). Researchas have used the Gompertz Function as a measure of staîktically 

cornparhg growth parameters. Buchanan et al. (1989) utilized the Gompertz Function 

to model the &ects of growth medium composition (e-g salt concentration, pH, 

temperature, etc.) on growth of L. monucytogenes. In addition, Palumbo et al. (1991) 

studied the influence of temperature, pH, sodium chloride, and sodium nitrite on the 

growth kinetics of Aeromonus hyhphih. They obtained valws for the lag and 

generation times as irifluenced by these conditions. These investigators were able to 

use the Gompertz model to provide estimates of the growth rates of A. hyhphrla as a 

r d t  of change in nutrient composition and storage conditions. 

Chawla et al. (1996) used the Gompertz equation in combination with the first order 

mode1 to effecttively estimate the repair thne from which the impacts of envimomental 

conditions on the repair of heat injured L monucytogenes muid be ~uantitative1y 

defineci. The Gompertz parameters, which were generated by fitting the equation with 

the bacterial counts, were used to calculate the repair percentage as a iùnction of tirne 

&om which the repair tirne was estimated. These researchers found that all growth 

cuves fit the Grompertz equaîion well (R2 r 0.972). 

The Gompertz m o n  is: 

IogioCFU = A + C a<p (s<p[-B(t-MI1} (6) 

where, A = asyrnptotic log count of bacteria as time (t) decreases 

indefiniteiy ( i i  level of bacteria, loglo [CFU/ml]) 
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C = asyniptotic amount of growth that ocairs as t inmeases 

(mimber of log cycles of growth, log10 [CFü/ml]) 

B = relative growth rate at lM, (loglo[CNlm]) 

M = the time at which the absolute growth rate is maximi (h). 

In order to build models to descriie the growth of rnicroorganisms in 

food, researchers normaiiy first construct growth curves (Zwietering et al., 1990). To 

reduce rnea~u~ed data to parameters such as growth rates, it has been recommended 

that the data be descriied with a mode1 instead of by usiag linear regression over a 

subset of data (Zwietering et al., 1990). Sigrnoidal models to descrii the growth data 

can be constructeci with three or four biological parameters. Thus, Zwietering et al. 

(1990) compared several sigrnoidal f'unctions containmg either three or four parameters 

to descrii the bacterial growih m e .  These models were the logistic, Gompertq 

Richards, Schnute and the Stannard Models. These models descrr'be only the rnicrobial 

growth and do not include the consumption of substrate. The substrate level was not 

considered important since t was assumed that it was present in exces to reach large 

numbers of organkms. 

Zwietering et al. (1990) reported that the Gompertz mode1 best 

desnieci growth data when compared to other models. It was able to give reasonably 

good fits of the data; the Gompertz Function was statistically sufEcient to descn'be the 

growth data of LacrobaciIIiuplantarimt. It was accepteci in aii cases by the t test and 

was acceptai in 95% of the cases by the F test. Zwietering et al. (1990) recommended 

that the Gornpertz Function be used over other models because it was easy to use. In 
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addition, the estimates have more degrees of fieedom, which can be important when a 

growth m e  is used with a d number of measured points. Also, all the parameters 

in the Gompertz Function can be given a biological meaning. 

One limitation recognized by Zwietering et al., (1990) is that the 

predictive value of this model can be guaranteed only at a constant temperature within 

the temperature range of microbial g r o d  In practice, however, the food product 

may be subjected to wide temperature variations. This hampers the application of the 

Gompertz Function in process design and control (Zwietering et al., 1990). 

Since the effectiveness of a model is ultllnately dependent on its ability 

to predia " r d  worid" data, Buchanan and Phillips (1990) reported that the Gompertz 

Function is generaliy conservathe in thai it tends to overestimate the abil@ of the 

organism to grow under adverse conditions. The researchers believe this may be the 

result of additional fàctors not reflected in the model that influence the growth of the 

microorganism in the food systems. 

Observations were made of the Gompertz model in its abihty to 

describe the growth of L monucytogenes ('Faber et al., 1996). It was found that this 

model was "fàil-safe7' in ternis of the predicted lag phase. That is, the model predicted 

l a .  phases that were shorter than the ntted values. For generation tirne, however, 

model predictions were not always 'YS-de7', but were, nevertheles, very close to the 

fitted values. 

Overall it is believed that the model appears to provide reasonable '%nt 

round estimates'' that should be very useflll in terms of dowing food microbiologists 
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and individuais involved in new product developrnent to assess quickly the impact of 

altering any combination of the variables @uchanan and Phillipq 1990). 



MATERIALS AND METHODS 

MATERIALS 

Organism and Maintenance 

Lisleria monocytogenes (No. 10-1 12) was obtained fiom the Cadham 

Provincal Laboratory (Wïpeg, Manitoba). The organism was maintained on 

trypticase soy agar (TSA, BBL) slants at 4 ' ~  fouowing growth at 35'~ for 48h On a 

monthly bask, the o r g b  was aansfemed to fieshly prepared TSA slants. 

Ground Beef 

BuUr packaged (styrofoarn base, clear ovenvrap) ground beef was 

purchased fiom a retail outiet. The beef was labeUed as regular, lean, or extra lean. 

Eye of round roast, purchased and mechanically ground at the retail outlet, was used to 

make extra-extra lean 

(i) moisture content 

The moisture content (2 - 3g, dry weight) was deterrnined using an 

oven drymg procedure (18h) as descn'bed by Joslyn (1970). Results are acpressed as 

means of triplicate values. 

(ii) lipid content 

Cnide Eit content (3 - 4g, dry weight) was daennineci by Soxlet 

extractim (16h) using hexanoI as descr i i  by Josiyn (1970). R e d &  are expresseci as 

means of tripliate values. 
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(üii protein content 

The protein content (30 - 40 mg, dry waght) was determined by 

micro-Kjeldahl as d e s c n i  by Jodyn (1970). Resuits are expressed as means of 

tripliate values. 

METECODS 

SteriIication 

Stexikation of d equipment and media was attained by autoclaving for 

15 min a .  12l0c. 

Listeriae preparation 

A loopfùi of L momcytogenes (maitrtained on TSA slants) was 

inoculateci into txypticase soy broth (25 ml) and incubateci at 35'~ for approximtely 

18 k Portions of the r d t a n t  growth (10 ml) were added to a flask containing fiesh 

TSB (75 ml). The contents were g d y  agitated and transmittance readings (420nm) 

were taken using a Bausch and Lomb (Spectronic 20) specaophotometer. Cuhures 

with readings between 85 - 95% transmittance comesponding to 106 CFU/ ml were 

use& (Fresh s t e M  TSB was used to standardize the hoaila). This relationship 

was previously confirnied using a standard m e  in which plate counts were related to 

tmosmission. In this regard, organisms were serially diIuted in 0.85% NaCl and plated 

on TSA (24h, 37%). Uninoailateci but stedized TSB was used as a blank to 

standardize the spectrophotometer. 
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From the TSB containhg 10' CFUI ml of listeriae, 10 ml was taken 

and added into 90 ml of 0.85% NaCl. This resuited in 106 CFUI ml of which 1.0 ml 

was be inoculatecl into 10 g portions of ground M- 

Sample prepamtion for irradiation 

Portions (log) of ground beef were weighed into in Surevak Paxe 

2050 bags (Wimpdq Winnipeg; 18.5 x 21.5 cm). The oxygen and vapor transnission 

3 2 rates of the bags were 8-10 cm /m /24h and 4.96 g/m2/24 h at 37.g0c, 90% RH., 

respectively (riiformation provided by Wmpak). The bags were then folded over, taped 

shut and fiozen at -20'~. 

Sample sterilization using irradiation 

The fiozen samples were irradiated using a 1-1011, 10 Mev electron 

accelerator housed at Atornic Energy of Canada, Limited, Pinawa, Manitoba In this 

regard, the sample packages were placeci on top of 3 to 4.5 cm styrofoam trays located 

in the bottom of aluminum trays. The bags were aligned in 2 to 3 rows, without 

overlapping; each row was no greater than 12 cm ftom the longitudinal centre line of 

the accelerator to m e  even dose application. The time of irradiation under the beam 

was approximately 20-25 sec at 25 kGy (sterilizing dose) with a dose rate at ca. 1 

kGy/s. 

Acaial doses received by the samples were detennined using radiochromic GAF 

dosimeters (CAF, Miller and McLaughlin, 1981). These dosirneters were used when 

samples were exposed to dosages less than 3 kGy. FWT dosimeters were used when 
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samples were arposed to doses greater than 3 kGy. Absorbed doses were determined 

by AECL dosimetry section personnel. 

Inocdation of L mollocyfogenes into samples 

Following product stedhtion, the samples were opened in a laminar 

flow hood and ino&ed with L. monucytogeers (0.1 ml; 106 CFü/ml). The bags 

were then retaped and the contents were gently massageci by band for ca. 30 seconds in 

order to distn'bute the i n d u m .  Controls consisted of irradiaîed but non-inoculateci 

meat samples. These were used to assess the efEcacy of the sterilization procesS. 

Packaging equipment 

A B M a  (mode1 202) packaging machine was used for the modified 

atmosphere packaging (MM) studies. The desird gas mixtures @ackFlush once via a 

pressure regulating valve) wnsisted of d e r  1585% C@:N2 or 30:700? C&:N2 and 

were obtained from a commercial source (Union Carbide Gas, Winopeg). The 

backflush gas was supplie. at approhtely 13 psi. 

AU packaging operations were caiTied out at room temperature (a 

21-22'~). For MAP, the bags were opened and the ends were p lad  over the gas 

flush noale on the vacuum packaguig machine. The settings on the machine were: 

vacuum: 50; gas flush: 10; and heat seal: 5. The vacuum packagmg machine sealed the 

bags approximately 1.2 cm nom the edge. 

Samples were also packaged without a C a  backflush (rnoculafed control) and 

simiMy seaied. 
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Sample irradiation at 1.75 kGy 

Irradiation of MAP samples and inoculated controls were perfonned 

k g  a linear acceIerator (hpela 1-10/1, 10 Mev, AECL, Pinawa, Manitoba). The time 

of irradiation under the beam was ca. 10 sec. Three dosimeters were randomly taped to 

the top of the treatment bags in order to ver@ the applied dose. In ail cases, this dose 

was 1.75 kGy f IO?%. Following treatment, the samples were placed in coolers with 

icepacks for transport to the iaboratory. Samples were subsequently stored d e r  at 

SOC or at 1 loc in thennostaticayl controlied refiigeration units. 

Mierobiological anaiysis 

Testing of samples at day O was canied out within 6 h of packaging. 

At specified t h e  periods (7, 14, 2 Id, etc.) samples were removed fiom their storage 

environment and rnicrobiologidy examineci. In this regard, the contents of each bag 

were stomached (90 ml; 0.1% peptone) for approlcimately 60 sec (mode1 400 

Stomacher), sexiaily diluted (0.1% peptone) and pour plated using TSA CRPs were 

evaluated foilowing inaibation at 35'~ for 48 b Results are expressed as means of 

tripiicate samples. 

Preparation of samples for assessrnent of hemoiytic activity and pathogenicity 

At &y O and every 7 d interval, ground beef samples were removed 

f?om their storage environment of SOC or 1 1°c. 

The method for the preparafion of samples regarding assessment of 

hemolytic activity was outlined by Bracketî and Beuchat (1990). Potassium phosphate 
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buffer (O. lhd, pH 7.0,20 ml) was combinai with samples of packaged beef(47) (log) 

and gently hand massaged for 1 minute. The contents of each bag were then filtered 

through sterile glas wwl filters (glass wwl wrrtained in a 15 cm length giass f b e l  

having a 2.5 cm diameter at one end and a consûicted outlet (ca. 1 mm). The filtrate, 

collected in 25 ml sterile centrifùge tubes, was cenn'ifiiged (7,500 x g for 10 min at 

2 5 ' ~ )  and the supeniatant decanted. The pellet was suspended in 5 ml of sterile 0.1M 

potassium phosphate buffier (pH 7.0) containing 1% sterile glycerol and stored at 

- 1 SOC. Unindated ground beef (47) samples were similruh, prepared. 

Confirmation of hemotytic activity 

The &ozen peilets were quickiy thawed in a water bath (20'~) and 0.1 

ml samples were surface piated onto modifiai McBnde agar (Blanco et al., 1989) and 

incubateci at 3 7 0 ~  for 48 h Foliowing growth., an overlay (8 ml) was added to each 

plate. The overlay consisted of (1 litre): red sheep blood ce& (50 ml, Department of 

Animal Science, University of Manitoba), BHI broth (37 ml), agar (3 g), and NaCl (8 

g), as outiined by Blanco et ai. (1989) and was used to detect haernolytic activïty. The 

overlayed plates were incubated for 14 h at 30' C and haemolysis was recordeci 

quaihtively. Haemolysis was characterized by a distinct clear mne mmding the 

organism in the red cell layer (overiay) background (Ellanco et al., 1989). Control 

samples consisted of uninodated agar plates to which the red sheep blood cells layer 

were added. Uninoculated ground beef(47) sarnples were similarly evaluated. 
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Pathogenicity evaiuation 

In order to evaiuate the pathogenicity of L mo?uxytogems in MAP 

stored ground meat, a chick embryo test as descnied by Terplan and Steinmeyer 

(1989) was utilized. In this test, one ml portions, obtained fiom the fiozen peilets 

(quickly thawed at 20'~ in a water bath) were inoculafed into the chonoallantoic 

membrane of 10 d chick embryos (Department of Animai Science, University of 

Manitoba) via a small openhg of the biunt end of the egg using a disposable, sterile 

syringe (1 ml; Monoject, St. Louis, MO). Directiy d e r  inoculation, the opening was 

seaied ushg candle wax. The eggs were incubateci in the vertical position in a Robbins 

Inaibator with the buib operating temperature of 100 9. In order to provide 

additional sengtMty to the teshg regime, dhtions made fiom the fiozen pellets were 

&O evaluated. In this case, phosphate buffered saline was used as the diluent. In al1 

cases the listeriae population (that is the population containeci within the 1 ml portions 

used as inocula) were evaiuated ushg a surfàce spread method with TSA (3s0c, 48 h). 

Resuits are expressed as means of tiplicate samples. 

For each storage treatment (1 5%, 3300 CG,  air, 5 and 1 loc) ten chick 

embryos were inoculated and vitality was monitored daily for 6 4 by transilluminafion 

(Casweii Egg Candling Lamp). V i  assessnent consistai of observing the blood 

vessek and embryo movement The total mortahty was recorded during the dday post 

inoaiiation period. 



ProXimate Analysis of Ground Beef 

The pro>cimate analyses for protein, fat and moisture content in the 

ground beef samples are shown in Table 2. For simplicity and based on protein 

content, regular ground beef was temied beef (20), lean ground beef was terrned beef 

(47), extra lean gromd beef was beef (50) and extraatra lean ground beef was termed 

beef (54). The latter product was formdated to provide a greater range in protein 

content. 

Inoculation Pack Studies of L molulyfogenes 

The ground beef samples (20), (47), (50) and (54) were radurized at 

approxinisitely 25 kGy in order to render them commerdy sterile- L monocylogenes 

was subsequently indateci into the samples and the &kt of various Ca 

concentfations (air, 15% and 30%) and storage temperatures (refngerated, SOC and 

abused, 1 loc ) on the growth of L. monocytogenes was investigated In some trials, 

the samples following inoculation were radiated at 1.75 kGy and the aforementioned 

storage protocol repeaîed. This procedure was pdormed in order to evaiuate the 

growih d o r  Survival of listeriae using a combination treatment. 



Table 2. ProXimate d y s i s  of ground beef sarnples. 

Extra Lean @eef (50)) 28.2 * 0.5 17.8 1.4 49.7 * 3.0 

Extra Extra Lean (beef (54)) 27.3 * 0.5 12.8 2.8 53.9 2.8 
'%; Fr& Weight Basis (% F. WB.) 
2 Values Represent Means + SD; n=3 
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Survivai and/or growth of L momnpgenes in beef (20) 

The survival of L momcytugenes in packaged beef (20) containing 

either l5:85 % C a  : N2 (MAP) or air is presented in Figure 3. Maintained at 5Oc with 

MAP, the population appeared relatively constant at approximately 10' CFU/g 

throughout the 21 d storage p e r i d  In conirasî, storage at SOC in air r d t e d  in an 

increase in population corn 10' to 1 o6 CFU/g. EIevaîion of the storage temperature to 

1 1°c resulted in a sharp increase in the population between O and 7 d fiom 10' to 108 

C N / g  or to 107 C N I g  when stored in C a  and air, respectively. The presence of 

Ca at the higher temperature appeared to have minùnal inhi'bitory &éct when 

compare. to beef(20) packaged in air. 

For ail inoculated packs, inadiation (1.75 kGy) reduced the initial 

popdation fiom 10.' to 1 o2 CFU/g at (&y O), as show in Figure 4. At SOC, the 

Iisteriae population remaineci constant at approximately 1 o2 CFU/~ until day 2 1 of 

storage when packaged in either 15% C a  or air. Thereafter, the counts decreased 

especially for the ground beef stored in Ca. Elevation of the storage temperature to 

1 1°c resuIted in a gradual increase in iistaiae. At 28 d ofstorage, the population 

reached 108 and 107 CFU/g when stored in C a  and air, respectively. Inclusion of 

C a  in packs stored at 1 1°c appeared to have a minimai inhiiitory &ect when 

compared to packs stored at similar temperature but without C a  

The growîh o f L  monucytogenes in ground beef sîored either under 

30:85% C&:N? or air is presented in Figure 5. At 5Oc in the presence of Ca, the 

population appeared reIatively constant at 105 CFLT/g up until &y 2 1 of storage; 
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thereafter the population increased ca 1 log by day 28 of storage. In beefpackaged 

with air, a finai population of ca. 106 CFU/g was obtained at day 28 of storage. 

Elesdon of the storage temperature to 1 1°c r d t e d  in similar tirne course growth 

a m e s  for iisteriae, regardles of the packaging atmosphere. F d  populations at &y 

2 1 of storage were ca 10' W g .  

The initial popuiation of listeriae (10' CFU/g) decreased to 1 O* CFU/g 

foUowing the application of 1.75 kGy as shown in Figure 6. At SOC in the presence of 

30% Ca, the population appeared to remain static at ca ~d CN/g throughout the 42 

&y storage period However, in air the listeriae population increased; at 42 d storage 

it reached 10' CFU/g. IncreaSng the storage temperature to 1 1°c resufted in a rapid 

increase in the listeriae population stored in the presence of air. In ground b@ 

exposeci to 3% Ca the population also increased but ody afler 14 d of storage. 



Figure 3. Survival andor growth of L monucytogenes in packaged beef(20) 
containing either 1 S%:85 % C&:N2 or air. Bars represent the SD of mean; n = 9. 
Appendix table: 1. 





Figure 4. Survivai and/or growth of L momcytogenes in packageci beef (20) 
containhg either 15%:85% C@:N2 or air follow by irradiation at 1.75 kGy. Bars 
represent the SD of the meaq n = 9. Appendk table: 2. 





figure 5 .  S&al andior growth of L m o w o g e n e s  in packaged beef (20) 
containhg either 300!:70 % C&:N20r air. Bars represent the SD of the meaq F 9. 
A p p d i x  table: 3. 





Figure 6. Survivai andior growth of L. momcpogenes in packageci beef (20) 
coataining either 300/0:700/0 C&:N2 or air foliowed by irradiation at 1.75 kGy. Bars 
reprtxent the SD of the mean; IF 9. Appendix table: 4. 





Survival and/ or Growth of L molUIYiOgenes in packaged beef (47) 

The growth profile of L molbOcyt0gene.s in packaged beef containhg 

15:85% C&:N2 and stored at SOC for 21 d appeared unaitered and is shown in Figure 

7. The growth of listeriae in packaged beefwith air appeared d a r  to that packaged 

in C a  during the initial 14 d storage period. Thereafter, however, the population 

increased ftom 105 CFU/g to 10' CN/g. Storage at 1 1°c r&ed in a sharp inaease 

in the population between O and 7 d (fkom 1 6  to 10' CFU/g) in both 15% C a  and air 

storage conditions. The presence of C a  at the elevated temperature appeared to have 

a minimal inhibitory &kt when compared to the control at 5 ' ~ .  

After 7 d of storage at   OC, the Iisteriae population in beef (47) which 

was MAP and then inadiated, sduiited a graduai decrease in population fkom 102 to 

10' CFU/g, as shown in Figure 8. A similar survivai pattern was observed for listeriae 

in beef packaged with air. At 1 loc, the populations in both air and Ca increased with 

storage t h e .  By 21 4 growth of listeriae reached 108 CFU/g for both 15% Ca and 

air packaged beeE 

The growth andl or survival of L m o ~ 0 g e n e . s  in packaged beef 

(47) containing 30:70?/0 C&:N2 and air is show in Figure 9. At 5Oc with 30% Ca, 

the population appeared to decrease initiaUy f?om 1o5 to 104 CFU/g. In cornparison, 

at SOC with air, the populations appeared to steadily hcrease; ca 0.5 log by 28 d. 

Storage at 1 1°c resulted in a population increase to ca 108 CFü by 21 d for both 300/0 

C a  and air packaged beef 



56 

Listeriae populations remained rekively constant in ground beef when 

stored at SOC foilowing irradiation at 1 -75 kGy (approximately 1 d CFU/g) at least to 

35 d as shown in Figure 10. Populations in air, however, hcreased to approxhtely 

10' CFü/g at 42 d dorage. Increasing the temperature to 1 1°c resulted in an increase 

in the listeriae population at 7 d. In the case of beef stored with C&, the increase 

occurced at 14 d. Populations of 109 and 10' CFU/~ were observed at 14 and 2 1 4 

respectively . 



Figure 7. SuMval andlor growth of L. rnonocyiugenes in packaged beef(47). 
containhg either 15%:85% Ca:N2 or air. Bars represent the SD of the means; n = 9. 
Appendix table: 5 





Figure 8. Survivai W o r  growth of L rnonucyt~enes in packaged beef (47) 
containing either l5%:8S% CQ& or air folIowed by irradiation at 1.75 kGy. Bars 
represent the SD of the means; n = 9. Appendk table: 6. 





Figure 9. S u n i d  a d o r  growth of L momqtogene.~ in packageci beef (41) 
containhg ather 300/0:7û?? C@:Nzor air. Bars represent the SD of the means; n = 9. 
Appendix table: 7. 





Figure 10. SuMval d o r  growth of L monucytogenes in packaged beef (47) 
containing either 30%:700/0 CO& or air foilowed by irradiation at 1.75 kGy. Bars 
represent the SD of the means; n = 9. Appendix table: 8. 





Survivai andor Growth of L ltlomqytkgenes in beef (50) 

The growth pattern of L, monucytogenes in 1 S:85% C&:N2 at 5 O c  

over the storage period (2 1 d) appeared relativeiy constant a -  ca 1o5 CFU/g, as shown 

in Figure 1 1. When packaged beefis acposed to air, the population also appeared 

relatively constant at oi. 10' CFU/g until 14 d. Thereafter* an increase to KI7 W / g  

was observai by 21 d. Elevation of the storage temperature to 1 l0c resulted in a sharp 

increase in the population to 10' CFU/g by 7 d. Thereafter the population appeared to 

have leveled offat 10' CFU/g in both the 15% Ca and air packaged beef 

The initial listerizte population (1 6 CFU/g) decreased to 102 CFU/g 

foiiowing ûradiation (1.75 kGy) (Figure 12). Over the next 28 d of storage* the 

populaiion in both 15% C a  and air remaineci relatively constant at l d  CFU/g. 

L monocytogenes maiLltained in 30:700/0 C9:Nz at SOC decreased 

during storage fiom ca. 1 o5 to 1 o4 CFU/g, as shown in Figure 13. In air, however* the 

survival pattern at the same temperatUrey appeared somewhat unchanged at ca. 10' 

CFU/g. At 1 l0cY the listeriae population in beef packaged with either Ca or air 

increased immediateiy fonowing radiation treatment. At 14 d of storage* 10' and 10' 

CFU/g were observed in Ca and air packaged becs respectively. 



Figure 1 1. Survivd a d o r  Growtb of L momcplogees in pikaged beef (50) 
containhg 1 5%: 85% CG:N2. Bars represent SD of the mean; n = 9. 
Appendix table: 9. 





Figure 12. Survival andfor growth of L momqdogenes in packageci beef (50) 
containhg either 15%:85% CG:N2 or air followed by irradiation at 1.75 kGy. Bars 
represent SD of the mean; n = 9. Appendix table: 10. 





Figure 13. Survival and/ or growth of L m o n ~ o g e r z e s  in packageci beef(50) 
containhg either 3 0%: 700/0 C%:Nz or air. Bars represent SD of the meaq n = 9. 
Appendix table: 1 1. 





Figure 14. Survival and growth of L monqdogenes in packaged d(50) containing 
d e r  300/0:700? C&:NZ or air followed by irradiation at 1.75 kGy. Bars represent the 
SD of the means; n = 9. Appendix table: 12. 





Following irradiation &ment (1 -75 kGy), the initiai population (1 0' 

m g )  decreased to ca ld C N / g  (Figure 14). At 5 ' ~  in the presence of 30% C a  

the listerke population remaine- at 102 W g  throughout the entire 42 d storage 

period However, in air at the same temperature, the population increased to 

approràm;tteiy 106 CFU/g during the same time. When the storage temperature was 

increased to 1 1 * ~ ,  the population approached 10' C N I g  in both C a  and air packaged 

beef by day 28. 

S&d andlor growth of L ltl~lLOCYtOgenes in beef (54) 

Populations of L momcytrognes at 5Oc in either l5%:8S% Ca:NZ or 

a i .  appeared constant during storage at approximately 1 6  CRIIg as show in Figure 

15. A gradual increase in growth, howwer, was observed when the storage 

temperature was inaeased to 1 1'~. By day 14, ca. 108 and 10' CW/g were obtained 

for beef stored in 15% Ca and air, respectively. 

Initial populations decreased to l d  W l g  following the appfication of 

1.75 kGy. As show in Figure 16, a di@ decrease in population was observed when 

the beef was stored with 15% C a  and 5 ' ~ .  A si& trend was observed with beef 

stored in air. At 1 1°c, the listeriae populaton in beef stored with either C a  or air 

increased. Maximal Ievels Unmediately were obtained at ca. 2 1 d (ca 1 o8 CFUIg). 

The sunnval pattern of L monocytogenes in either 30:85% C&N2 or 

air is presenîed in Figure 17. In the presetlce of Cathe population decreased during 

the first 7 d of storage by ca 1 log. Thaeafter, listeriae levels appeared constant. In 
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air, popdations remainecl constant at ca. 1 6  CRl/g throughout storage. When the 

temperature was increased to 1 1°c, Iisteriae in ground beef store- with C a ,  Uiitially 

appeared to decrease (ca 0.5 log). Therder, the population hcreased to ca 10' by 

14 d. In air, the iisteriae popdation increased immediate1y at the outset of storage. 

The population at 14 d was ca 0.5 log higher than that observed in C a  packaged 

b e d  

The listeriae population decreased fiom 1 6  to ld CFU/g foilowing 

the application of 1.75 kGy as shown in Figure 18. At  OC, the keriae population 

was observed to slowly decrease to ca IO* CFWg at 35 d when packaged in either 

30% C Q  or air. Elevation of the storage temperature to 1 1°c r d t e d  in an increase 

in the popuiation reaching log CFü/g for bo t ,  C a  and air by day 2 1. 



Figure 15. SuMval a d o r  growth of L. monaytogenes in packageci beef(54) 
containhg either 15%:85% C&:Nz or air. Bars represent the SD of the mean; n = 9. 
AppendDc table: 13. 





Figure 16. SuMval andior growth of L moIU)ÇYIogmes in packaged beef (54) 
contalliing either l5%:85% CO& or air foilowed by irradiation at 1.75 kGy. Bars 
represent the SD of the meao; n = 9. Appendix table: 14. 





Figure 17. SunRval andior growth of L. momcytogenes in packaged beef(54) 
containing either 300/0:70% C&:Nz or air. Bars represent the SD of the mean; n = 9. 
AppendOr table: 1 5.  



TIME (days) 



Figure 18. SUIV ÎV~  andlor growth of L. monucpogenes in packaged beef (54) 
containing either 300/0:700/0 C@:N2 or air followed by irradiation at 1.75 kGy. Bars 
represent the SD of the mean; n = 9. AppaidDr table: 16. 
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Qualitative assessrnent of pathogenicîty 

Listeria pathogenicity in temis of hemoIySn activity was examinai 

using extracts nom indated  beef (47) sîored under various regirnem. Direct 

identification of hamolysis on blood agar piates was confirmed by the presence of 

clear zones surrouding listeriae colonies (Table 3). There was no evidence of 

hernolysis resdthg fiom the extracts obtained fiom the uninoculated mea. 

Quantitative assessrnent of pathogenicity 

Table 4 shows the death rate chick embryos foiiowing inoculation with 

a pure culture of L monmytugenesS Death rates of 50% and 90% were observed 6 d 

after inoculafion with 10' and 10' CRI/ ml, respectively. In contrast, inocula of 1 o3 

CFU/ ml or greater r d t e d  in a 10W death rate, usually withui &y 4 of injection 

nie death rate ofchick embryos ranged f?om 80 to 10W (Table 5) 

when inoailated with extmts obtained fiom beef stored in air. In cornparison, actracts 

obtained Eom been store. in C a  appeared to result in slightly higher mortaüty rates 

(90% to 1000h). This &ect was observed regardless of the storage temperahûe (Table 

6 and 7). 

The mortaiity rates of embryos foiiowing inoculation with extracts 

obtained fiom packaged and irradiateci beefare shown in Tables 8,9 and 10. 

FoUowing irradiation, the undiluted Bctracts (10' CRT/ ml) resuIted in mortality mtes 

ranghg fiom 80% to 90% and are nmilar to rates given by the control (Table 4). 

Undiluteci extracts obtained fiom samples stored at SOC for 42 4 however, appeared to 

resuit in niminished mortality rates (50 % to 60 %). Changes in chick embryo mortaiïty 
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were aiso observecl with actracts obtained f?om samples stored at 1 1°c especially in air 

(Tble 8). In this respect, mortality rates decreased by 10 % and 40 % for the IO* to 

104 and id amact dilutions respech'vely, when compared to the conaols (Table 4). 



Table 3. Qualitative assessment of pathogenicity based on hernolysin actMty from 
amacts of beef(47). 

Storage  ond dit ion' Temperature of Haemolytic A& 
Storage CC) 

contro13 - Negative 
Air 5 Positive 

1 1  positive 

positive 
positive 

positive 
positive 

positive 
positive 

positive 
positive 

1.75 kGy + 30% Ca 5 positive 
11  positive 

' Assessed aRer 7 d storage 
2 Positive hernolysis indicated by clear zones mounding colonies on blood agar plates 
Control: extract nom non-inoculateci beef 



Table 4. Death rate of embryos &er hoailation with a pure culture of L. 
momcpogmes. 

CFUI Number of dead embryos on day Total Death 
ml1 1 2 3 4 5 6 dead rate 

embryos2 (Yo) 
1 O* O 1 2 1 1 O 511 O 50 
lol 1 I 4 1 O 1 9/10 90 
1 o3 2 3 4 1 - - 10/10 100 
1 o4 5 5 - - - - 10110 100 
105 4 5 1 - - - 10/10 100 

lCFUlml of beef(47) sampIes inoculated with L monocytogenes 
-0ta.I no. of dead embryod total inoailated embryos 



Table 5. Death rate of embryos after hoadaiion of L monucytogems fiom meat 
packaged in air. 

Storage Storage CFUI Number of Dead Embryos on Day Total Death 
temp. Time ml3 dead Rate 
(oc)1 (dl2 1 2 3 4 5 6 embsios4 (%) 

O i d  O 9 1 - - - 10110 100 

105 s 3 I O 1 - 10110 IOO 
1 Temperature of storage of beef (47) inocuiated with L. momcytogenes 
2 Days of storage of beef (47) samples inoculated with L monocytogems 
' C F U I ~  of beef(47) samples inoculateci with L. rnonucyt0gene.s 
?otal no. of dead embryod total inoculateci ernbryos 



Table 6. Death rate of dryos afkr inocdation with L monayogenes f?om meat 
packaged in 15% Ca. 

- 

Storage Storage CRT/ Numba of Dead Embryos on Day Total Death 
temp. T h e  ml3 Dead rate 
("c)~ (dl2 1 2 3 4 5 6 embryos4 (%) 

Initial id 7 2 O O 1 - 10/10 100 

'Temperature of storage of beef (47) inodated with L momcytogenes 
%ay; of storage of beef (47) samples inocuiated with L monocytogeens 
3 ~ / m l  of beef(47) samples inoailated with L monocytogenes 
?otal no. of dead ernbryod total inoculated embryos 



Table 7. Death rate of embryos afkr inoculation with L momcytogenes f?om meat 
packageci in 30% Ca. 

storagë Storage CFü/ Number of Dead ~mbq%s onDay Total Death 
t e m ~ .  time mi3 dead rate 
CC j1 (dl2 1 2 3 4 5 6 embryos4 (Yo) 

InitiaI id O 9 O O O 1 10/10 100 
lo" 1 9 - - - - 10/10 100 
los 4 6 - - - - 10/1 0 100 

1 Temperature of storage of beef (47) inoculated with L monocyiogeeiaes 
* ~ a ~ s  of storage of beef(47) samples inoculafed with L rnonucytogenes 
3 ~ / m l  of beef (47) samples inoculated with L mmxytlogenes 
90tal no. of dead embryod total inoculateci embryos 



Table 8. Death rate of d r y o s  d e r  inoculation with L rnollocyfogenes fiom m e -  
packageci in air following irradiation with 1 -75kGy. 

-- - - 

Storage Storage CN/ Number of ~ e a d  Emb@oson Day Total Death 
temp. t h e  ml3 dead rate 

(dl2 1 2 3 4 5 6 embsros4 (%) 
Initial loO O 1 2 1 1 O 5/1 O 50 

10' 1 1 5 1 O O 8/1 O 80 

'~ern~erature of storage of beef (47) inoculated with L monocytogenes 
* ~ a ~ s  of storage of beef (47) samples inodated with L monucy?ogens 
3 CFU/rnl of M ( 4 7 )  samples indated with L monocytogenes 
?otal no. of dead ernbryod total inoculated ernbryos 



Table 9. Death rate of embryos after inoculation with L mmqtogenes fiom meat 
packaged 15% C a  following inadiaton of 1.75 kGy. 

storage Storage &U/ Number of Dead Ernbryos on Day Total Death 
temp. Time mi3 dead rate 
('c)~ (dl2 1 2 3  4 5 6 embryos4 (%) 

Initial ioO 1 O 3 O O O 4/10 40 
10' 2 4 1 1 O O 8/1 O 80 

1 Temperature of storage o f  beef (47) inoculated with L molulcytogenes 
%ays of storage of beef (47) samples inoculateci with L momgdogenes 
3CFU/ml of beef(47) samples inocdateci with L molUlCYfogenes 
votai no. of dead embryod total inda tec i  embryos 



Table 10. Death rate of embryos &er inoculation with L montxp0gene.s fkom meat 
packaged in 300h C a  following irradiation with 1.75kGy. 

Storage Storage CNI Number of Dead Embryos on Day Total Death 
temp. time dead rate 
OC) l (dl2 1 2  3 4 5 6 embryos4 (%) 

Initial lo0 O 2 1 O O O 3/10 30 

II  28d id 1 5  3 1 O O 10110 100 
104 2 5 O 1 2 - i0/10 100 
los 4 4 1 O 1 O 10/10 100 

1 Temperature of storage of beef (47) inoculated with L monocytcgeenes 
2 ~ a y s  of storage of beef(47) samples inocuIated with L monocytogenes 
'CFU/mI of beef (47) samples iwdated with L monucytogenes 
vota1 no. of dead embryod total i n d a i e d  embryos 



Mathematid modehg 

A quantitative modei can be deveioped desniing the &kt of 

tempaatrrre and atmospheric conditions for the growth of L monucytogenes growing 

in dilgerent levels of protein Assuming that the quantitattie growth of the organisn 

(dS/dt) is proportional to the quantity of the o r g k  and t depends on the 

p r o p o r î i o ~  constant p, it aui be stated maîhernatically: 

The proportionality constant wtiich is also known as  the -C 

growth rate can decay with time due to the degradation of the developrnent of L 

monocytrognes usually, this is caused by overpopuiation. 

where D is the decay in the specific growth rate of the organisn 

Mer integrathg Equation 8, it becomes: 

where, t is the growth time to the degradation of development of the 

The solution to the above equaîion is as follows: 
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where, t is at thne of inoculation of the org& to the mediw in 

this case ground beefand p., is the due  of p at t = 0. 

These parameters are known in mirthemafics as initial conditions. By 

introduchg them to the above equation, we obtain: 

Taking the exponents of both sides 

and rearrmging we obtain: 

P = k ~.B(P (-DO (13) 

By substmmng Equatcon 13 iuto Equation 7, the quantitative growth of L 

monmytogenes can be expresseci as: 

By s o h g  the variables S and dt, Equation 14 becomes: 

and 

By superimposing the integration lirnits: 



P h S - In S. = - (exp (-Dt) - exp(-Dt,)) 
D (18) 

for &, = O and the arponennal expression becornes one ( M O )  = 1). Thus, the 

equaîion becomes: 

This can aise be d e n  as: 

Cb S The fiaction, - can be expressed as p,*. Ttierefiore, the equation becornes ln - = p* 
D So 

(1 - exp (-Dt)). Finally the quantitative growth of L mo~mcytogenes, or the growth 

ratio can be expressed as: 

Application of the growth ratio 

S 
The growth ratio, -, can be applied to the growth of L 

So 

rnonocyt0gene.s in k f  (20), beef (47), beef (50) and beef (54) ground beef stored 

between 5 ' ~  and 1 1°c. This ratio dernonstrates the & i  of the atmosphere on the 

growth of the organism By plotting time agaimt the growth ratio* the impact of these 

fàctors can be seen as  in Figures 19 to 26. These figures show the data coiiected in the 

fom of symbois for three Mirent storage conditions and meat samples with various 
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protein contents. The hes in the figures indicate the best fit m e s  obtained ushg the 

S 
developed mathematical mode1 in the fom of equation - = srp (b* (1 - exp (-Dt)). 

So 

Based on the obtained r d t s  and the derived Equaton 21 the 

proportionality constant, ~b, shows decay in the specinc growth of the organism for 

S 
partidar conditions (for example, C a  and fat content). The ratio, -, was presented 

So 

as a fiinction of time for beefof various protein content and subjected to various C a  

S 
concentrations and storage temperatures The ratio, -, was d e s c r i  by Equation 2 1. 

So 

The best fit iine generated was found using TK Solver Program Since Equation 21 

has two unknowns, this equation was applied two tirnes so that the number of 

equations used equals to the same amount of unknowns. By applyhg the 

experïmental results, TK Solver Program generated the values for and D. These 

generated r d t s  are presented in Table 1 1 for 5 ' ~  and 1 1°c. 

The goodness of fit cm be checked in Figures 19-22 for 5 ' ~  and 

Figures 23-26 for 1 1 ' ~ .  The data points indïcate the averages of up to nine values. 

The solid lines in the figures indicated the fitness of Equation 2 1. In the case 

S 
when the experimental data points are presented as -, this ratio decrease with the. 

s o  

At M, the Srnulaton line at best could oniy foliow the horizontal line (for example, 

Figure 22 represents this Shiaton for 15% and 3û% Ca) or a positively inclining 

horizontal line. 
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Equation 2 1 represents the growth phase or the stationary phase of the 

S 
organisn; it cannot represent the death phase. Thus, when data points - becorne less 

S o  

than 1, the values of the simulation equation are also less than 1. An example of this 

are the growth awes at 15% and 3 P !  CO2 in Figure 22. Note thai the increments of 

the y-axis in Figure 22 has been expandeci for a better visual presentation and for 

disaission purposes. 



Figure 19. Growth ratio as a hction of time for beef(20) stored at 5 ' ~ .  
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Figure 20. Growth ratio as a fùnction of t h e  for beef(47) stored at 5 ' ~  
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Figure 2 1. Growth ratio as a hction of t h e  for beef(50) stored at SOC. 
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Figure 22. Growth ratio as a fùnction of time for beef(54) stored at SOC. 
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Figure 23. Growth ratio as a hction of tune for beef(20) stored at 1 1'~.  
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Figure 24. Growth ratio as a hct ion of time for beef(47) stored at 1 1 '~.  
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Figure 25. Growth ratio as a fùnction of t h e  for beef(50) stored at 1 1°c. 
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Figure 26. Growth ratio as a hct ion  of time for beef(54) stored at 1 1°c. 
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Table 1 1 : ProportionaiÏty constants and decay in specific growth for meat of dinerent 
protein content stored at various atmosphere conditions at SOC and 1 1°c. 

Type of Level of Temp. of D Temp. of D 
Meat C a  S torage Storage 

Beef (20) air 29 0.006 7.5 0.30 
15% CO2 12 0.003 7.0 0.18 
30% CO2 11 0.002 6.6 O. 14 

Beef (47) air 28 0.008 7.5 0.40 
15% CO;! 12 0.003 7.1 0.35 
30% CO2 5Oc 1 I 0.002 1 1°c 7.1 0.11 

Beef (50) air 27 0.008 7.5 0.50 
15% COz 12 0.002 7.1 0.49 
30% CO;! 1 1  0.00 1 7.0 0.18 

Beef (54) air 13 0.004 7.7 0.10 
15% Ca 12 0.002 8.1 O. 08 
30% COz 11 0.001 10.5 0.04 
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For SOC, a s  in Figures 19-22, the simulation modei represented the 

initai growth phase of the organisn. Similar situation was represented for Figure 26. 

However, in figures 23-27, which represent 1 1°c, the simulation a w e  reached a 

plateau (that k, reached the stationaiy phase of the organisn). 

The coefEcients, hie' and D (of Equation 21) , were combined to the 

various Ca levels and protein content Thedore, in Table 1 1 was represenfed as 

the linear Çiction of C a  in Figure 27 for SOC and Figure 28 for 1 1°c. 

C i o e = c x % ~ & + d  (22) 

wherq c and d  are coefficients which were found based on the best fit 

line. These coefficients are @en in Table 12. 

The decay coefficient, D, represents the iinear bc t ion  of Ca. It 

is shown in Figure 29 and 30: 

D=ex%COz+f  (23) 

where, e and f are coefficients of the hear equation (as in Table 

13) and, 

%CO2 is the storage condition. 

The coefficient c, in Equation 22, was expressed as the hct ion of protein content 

and is shown in Figure 29 for SOC and in Figure 30 for 1 1°c. The four data points 

within the figure indicate the various protein content. The solid iine represents the 

best quadratic equation of the form, which can be generdy expressed as: 

y = c d  + C*X + c3 (24) 



Figure 27. The proportiodty constant, , of ground beef with various protelli 
contents stored at 5 ' ~ .  





Figure 28. The proportiodty constant, M* , of ground beefwith various protein 
contents stored at 1 1°c. 
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Figure 29. The decay, D, in specific growth of L. momcytogenes in ground beefwith 
various protein contents stored at 5 ' ~ .  





Figure 30. The decay in s e c  growth ofL monucytogenes in ground beefwith 
various protein contents stored at 1 1 '~.  





Figure 3 1. CoeEcient c as a fùnction of fat at SOC. 
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Figure 32. CoefEcient c as a fiuiction of fat at 1 1°c. 
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Table 12: Coefiicient c and d in specific growth for meat of different protein content 
stored at various atmosphere conditions at SOC and 1 loc. 

Typeof Ternp-of c d Temp. of c d 
Meat Storage Storage 

Beef (20) -0.70 29 -0.03 7.5 
Beef (47) SOC -0.67 28 1 loc -0.02 7.5 
Beef (50) -0.64 27 -0.02 7.5 
Beef (54) -0.10 13 0.08 7.6 



Table 13: Coefiïcient e and f in specific growth for meat of fl térent protein content 
stored at various atmosphere conditions at 5Oc and 1 loc. 

Type of Temp. of e f Temp. of e F 
Meat Storage Storage 

Beef (20) -0.00014 0.0057 -0.006 0.30 
Beef(47) SOC -0.0002 1 0.0076 1 loc -0.009 0.4 1 
Beef (50) -0.00028 0.0085 -0.010 0.52 
Beef (54) -0.000 10 0.0028 -0.002 O. 10 



In this thesis, y is represented by the c coefficient and ci, cz and c3 

are established based on the best M line. The independent variable x represents the 

fat content. Thus, for storage conditions in SOC, Equation 24 became: 

c = 0.00368~~ - 0.19F + 1.70 (25) 

and, for storage conditions in 1 1°c: 

c = 0.00047~~ - 0.026F + 0.325 (26) 

Coefficients ci, e and $ in Equations 22 and 23, were best presented 

by quadratic equation, thus, they were expressed as quadratic fùnctions. Ln Table 

14 these coefficients are presented as percentages of fat. 

VeriFieation of the giowth ratio 

The above deriveci modeI, with the obtained coefficients, allowed us to 

simulate the growth of the microorganism at 5'~ and 1 1°c, in meat with fat content 

ranging eom 12% to 3% and packaged in C a  content of up to 30%. The 

verifidon r d t s  of this model are presented in Figure 33 for two random 

experirnents The Smulated conditions were as foiiows: inoculated beef(50) packaged 

in air and 15% Ca, stored at SOC with the niitial population at 10' CRJ/g. The 

mathematicai model representing the two storage conditions (15% C a  and air) were: 



Table 14: Values of the constants of the quadratic equation for coefficient d, e, and 

Coefficient C t CZ C3 C 1 c2 C3 



S 
Figure 33. Verididon of the mathematical model, - S o  = acp (k* (1 - exp (-Dt)), with 

L. monucytcgenes inOCUIâIed in beef (47) packaged in air and 15% C a  and stored at 
5Oc. 
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The vertical bars in Figure 35 are associateci with the experimental data 

points aad these bars indicate 95% confidence limit. The solid lines are the 

simulation resuhs. A semi-log scale was used, thus, the confidence bars are not 

symmdricd. The simulation results and data points were in good agreement. 

Application of the growth ratio alter irradiation treatment 

The same coefficients derived for non-inadiated produas are applicable. 

The growth ratio is as follows: 

The time delay, t~ is as the result of irradiation In this equation the growth 

ratio for the tirne between O &y to 7 &y is 1.  This is proven experimentally as in 

Figures 34 to 37. It appears that there is a delay in the increase of colony fonning 

units when the product has been subjected to 1.75 kGy. At 5 ' ~ ,  t~ was generaily 

closer to 21 days excqt for three cases. In these situations, the t~ was at 28, 14 and 

7 days, as depicted in Figures 38,39 and 4 9  respectively. 

In Figures 3 4  to 37, an additional simulation was pafomed. Here, the 

computation was carried out with the p,,* values begin 10 (for beef (50)) and 12 (for 

beef (54)). This proved that the simulation results are very simi1a.r to that of the 



srperimental data In such case, it appears that irradiation may enhance the 

muhiplication of the orgaoisns at 1 l0c. The growth ratios reached v h e s  in the 

thousands, which is unusual for irradiateci products whm comparecl to the growth 

ratios for non-irradiated products. 



Figure 34: Simulation of growth ratio as a bct ion of time for the foilowing 
conditions: p,,* = 7.5 and 10 in air and 15% C a a t  1 1°c. 
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Figure 3 5:  Simulation of growth ratio as a fhction of time for the following 
conditions: p,,* = 1 O in air and 3 0% Ca at 1 IOC. 
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Figure 36: Simulation of growth ratio as a hct ion of time for the following 
conditions: b* = 12 in air and 15% C a  1 loc. 



- Simulation 

time, days 

Actual data 



Figure 37: Sirmilation of growth ratio as a hction of time for the folowing 
conditions: b* = 12 in air and 300! Ca at 1 loc. 
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Figure 38: Sirmilation verses actual data of growth ratio in air and 15% C G  a -  5 ' ~ .  
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Figure 39: SimuIation verses actual data of growth ratio in air and 3û% Ca at 5 ' ~ .  
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Figure 40: Simulation verses adual data of growth ratio in air and 309h C a  at 1 1 ' ~ .  
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DISCUSSION 

Atmospheres containhg 15% and 30% CO2 when compared to air, 

appeared to affect the growth rate of L. monocytogenes in ground beef stored at 

both 5 and 1 1°c. During the 21 d storage period at  OC, in most instances, 

listenae growth in CO2 atmospheres was approximately 1 .O to 1 -5 logs Iower than 

when packaged in air. At 1 1°c, the difference in listerial growth between CO2 

and air was approximately 0.5 logs, with the exception of Beef (47); in this case 

the Merence was observed by day 21. Similarly, by applying mathematical 

modeling, the growth ratio of L. monaytogenes increased as the level of COz 

decreased. The growth ratio demonstrates the effect of the atmosphere on the 

growth of the organism. The increase in growth ratio of this organism, as the 

level of CO2 decreased, was observed at both 5 and 1 1°c. In general, the growth 

ratio was greater in air than in 15% CO2. The smallest growth ratio was given in 

carbon dioxide atmospheres of 30%. These results are contrary to those of 

Berrang et al., (1989) who reported that the growth of L. tnonocytogenes in 

asparagus, cauiiflower and broccoli with 3- 10% CO2 was not affecteci at either 4 

or 15 '~ .  This difTerence may be due to the fact that the lowest level of COz 

applied in this study was 15%, whereas, Berrang et al. (1989) used 10% CO2 as 

their highest level. Furthemore, different substrates were used in both studies 

(ground beef versus vegetables). 

It is well accepted that the effectiveness of CO2 in inhibiting rnicrobial 

growth decreases as the fat content of the produd increases. Baker et al. (1985), 
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for example, demonstrated that the d v a l  of tphi&um and CI. qorogenes 

stored under C a  was greater in broth as compared to chicken mat. Although 

this trend is present in this shidy, it is not easily detected. However, ifthe growth 

ratio of Beef (20) and Beef (54) are compared, a slight decrease in growth ratio ca 

fiom 2.5 to 1 -75 and ca. fiom 2.0 to 1.4 for 15% and 30% Ca, respectively can 

be observeci. This observation may be attributed to the increased effectiveness of 

C G  as the fiit content of the ground beefdecreased. 

Inadiation (1 -75 kGy) was observed to decrease the initial bacterial load by *L 

2 logs in packaged beef contalliing either air or Ca. Grant and Patterson (1991) 

reported that one strain of L rnonucytogenes was reduced by two log cycles, while 

auother strain was reduced by three log cycles. Both shaios were inocdateci into 

minmi pork and then subjected to 1.75 kGy. Tbayer (1995) also stated that a dose of 

1.5 kGy reduced the viable population of listeriae by at least ld CN/ mi and tbat a 

dose of 2.5 kGy should inactivate at le& ld CFU/ ml. 

Packaging with C a  when comb'ied with Vradiatio~, resuited in an overall 

slow down of growth For example, gaieraily there appeared to be ca. a 2 log 

difference by day 42, in the growth Iwel of Iisteriae between air and C a  packaged 

(5") ground beef. This trend suggests that the sengtMty of the organïsm to irradiaton 

may be increased when treated under C a  (Patterson, 1988). Hastll>gs et al. (1986) 

suggested that irradiation and C a  may act synergisticaiiy to enhance the lethal &kt. 

However, there appeared to be no diffwmice in the growth levels of Listeriae between 



15 and 30% C a  packaged ground beef when stored under the same temperature, &er 

irradiation m e n t .  

After irradiation treatment, a slight decrease in iisteiiae was observed at ca 7 to 

14 d of storage. This decline in population may represeat a lag period during which 

survivors undergo repair ftom injury following irradiation treatment. Patterson et al. 

(1993) also reportai that the lag phase of L monocytogenes at 6Oc following radiation 

(2.5 kGy) was extended fiom 1 to 18 d. As a result, the researcher assumed that low 

levels of survivors would not be a problern during the normal refigerated shelf-life of 

the product. This observation supports the notion that synergistic effects ftom 

combination treatments rnay enhance the preservation of food. 

Increasing the protein content of the menstruum should provide protection to 

the organism against irradiation (El-S henawy et al., 1 989). These researchers found 

that although irradiation injury of L. monocytogenes may occur in either broth or raw 

ground beec the resistance of this bacterium to radiation treatrnent was greater in 

beef. Their results were sirnilar to those obtained by Mulder (1982). The results 

obtained in this study, however. did not reveal this fmding. Mer 42 d of storage the 

listenae population detected in Beef (20) and Beef (54) was ca. 102 CFU/g and 10' 

CRl/g, respectively when packaged in 30% COz at SOC. Similar findings were also 

observed when the product was packaged in air, in this case the number of organisms 

detected in Beef (20) and Beef (54) was ca. 105 CW/g and ca. lo3 CFU/g, 

respectively. Although statistical cornparisons were not c d e d  out, the 



inconsistency of these finding as compareci to results reported by El-Shenawy et al. 

(1 989) may indicate that the protein diEerence between the ground beef samples was 

not large enough to exhibit this trend. Furthemore, the samples used by El-Shenawy 

et al. (1 989) consisted of used a liquid and a solid; this difference in itself rnay 

enhance the selective survival of the organism. Furthemore, a cornparsion of the 

growth ratio would not permit for an accwate conclusion since the number of 

survivors were too low. 

The Uihibitory effect of C a  was obswed to decrease as the storage 

temperature increased. This was also observed in products which were irradiated. This 

accords with previous studies in that the effectiveness of Ca is reduced at higher 

temperatures (Finne, 1982). Enfors and M o h  (1981) studied the effect of 500/0 Ca on 

the growth of Ps. Fragi in muscle food and found that the growth rate was Uihibited 

about 3û% at ~ P c ,  50% at 30°c and, 90% at 5 ' ~ .  This e f f i  was explaineci by 

increasing solubility of C a  with decreasing temperature (hoche, 1980; OgrydPak 

and Brown, 1982). The results of this study emphasize the need for properly controlled 

refigerated storage if maximum benefïts are to be derived fiom the combination of 

MAP and irradiation to control the growth of micrwrganism. In particular, since L 

monaytogenes is well adapted to grow at 4 to   OC, temperature is a crucial factor. 

Qualitative analysis indicated that regardles of the storage treatment, 

haemolytic activity in Listeria was dl1 observed. This observation indiCateci that 

although the synergistic effkct of MAP and irradiation may contribute to a decrease in 
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the number of s m h h g  organisms, iî does not appear to reduce some of the v ida ice  

properties of the orgamSm 

QuanmatRe adyses in relation to pathogenicity in listeriae revealed that the 

cornbiaation traitment hvolving C a  and irradiation r&ed in a decrease in the rate 

of death of the chick emblyos. This appears to be due to the reduced d e r  of viable 

microorgamims. 

The results also showed that an inaease in storage temperahie for listerizte in 

meat increased the death rate of the i nda t ed  chick embryos. In &kt, the synergistic 

effect of the MAP and irradiation appears to be more effective under refngeration 

temperatures of SOC than at 1 1°c. Thayer (1995) reported that verotoxin, produced 

by E. coli foud in lean beef which was irradiateci at 0.75 kGy when stored at 3 5 ' ~  for 

20 h, whereas, when stored at   OC, no toxin production was found. 

Avery and Buncic (1997) studied the pathogenicity of chick embryos 

inoculated with meat isolaies o fL  morzocyfogenes. They found that the average 

mortality rate of embryos decreased fiom 98.7% when inoculated with fiesh cultures 

(1 -5 - 2.5 log10 CFU per egg) as compared to 68.W when cuitures which were stored 

at 4 ' ~  for 4 weeks. In the praent study, t was observed t h  the mortahty rate 

decreased fiom 1 Wh when fie& cultures of listeriae were used (1 o3 CN per egg) as 

compared to 9û% when cultures which were stored at 5 ' ~  for 28 d (£tom meat 

packagd in air). Furthemore, it was observed that with inocda greater than ld 

CFU, the death rate of the embryos was 1Wh regardes of the storage period. 
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In this study, over the 42 d storage period, growth greater than 10' CFWg 

listeriae was never achieved when the samples were subjected to MAP and irradiation 

Since a longer period of time rnay be required for the orpnkm to reach a level of ~d 

CFUlg, a M e r  shidy may be required to demonstrate the impact of the combination 

treatment on the hemoiysin production by this organisn 

S 
The mathematicai modei, - = exp (b* (1 - exp (-Dt)), is derived fiom the 

S o  

experimental data generated by this study. Fat (protein) content, aorage temperature, 

and atmospheric conditions were the parameters which were applied to derive this 

S 
equation The different growtb ratios, -, indicate that there is an impact of storage 

So 

temperahire, fàt content, gas mixtures and irradiation on the growth of the organism 

Fat alone may have an effèct on the diffaence in the growth ratio. It is weiI established 

that pathogens such as Salmonella when suspended in bu£Fér, broth or mechanidy 

deboned chicken (Thayer et al., 1990) and L. monucytogenes when it is suspended in 

buffered sahe or podtxy meat (Patterson, 1989) have different radiation sensitivities. 

Due to the low Survivd rate of the organism after being subjected to MAP and 

S 
irradiation, - was not detemineci in this study. 

S o  

Verification of this mode1 can be carrieci out as long as the parameters applied 

are within the conditions used in this study. That is, the growth of the microorganisn 

is between 5 ' ~  and 1 1°c, in meat with protein content ranging fiom 12% to 36% 
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protein content and pxkaged in C G  content of up to 30%. The verifidon results 

Camed out in this shidy maintain data points that are of 95% confidence M. 

S 
The mafhemafid model, - = exp [(k* (1 - acp (-D(t - t~ )))] , is also deriveci 

S o  

fiom the expeximental data generaîed by this shidy. It, howevery takes into 

consideration the delay of growth of the organism as the resuit of irradiation treatment. 

GeneraiIy, the t h e  delay of the product was approximately 21 &YS when stored at 

SOC. However, there were Smiations in wfiich the t h e  delay was at 7, 14 and 28 days. 
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SUMlMARY AND CONCLUSIONS 

Storage in modifiai atmospheres of l5:85% and 30:7û% C&N2 did 

not affect the growth rate ofL moIU)CYfogenes at storage temperatures of 5 and 1 1°c. 

Radurization was more eective in extendhg the sheGWe since t was able to 

decrease the initial bacterial load. This decline may represent a hg period in order for 

suMvors to undergo repair fiom injury foflowing irradiation treatment. 

Products which has been irradiateci with C a  and stored at 5 ' ~  r d e d  

in slower growth of Listeria as compared to produas which has been irradiated with 

air and stored at SOC. Yet, there appeared to be no Merence in the growth lwek 

between 15 and 30% C a  products when stored under the same tempgdture &ter 

irradiation treatrnent . 

Protein content of the ground beefwas observed to have an e f k t  on the 

growth of L monmytogenes. 11 t a s  found the growth of the o r e  decreased by 

ca 1 log when the media containeci 20% vs. 54% protein content. This was observed 

in both MAP conditions; with or without the application of irradiaton; and at storage 

tempaahire of both 5 and 1 1'~. 

Inhr'b'iory &ect of C a  decreases as the storage temperature increase. This 

wasalso maintainecl with the product has been subjected to radurization Furthermore, 

this study demonstrated that L monucytogenes has the abiiity to SiMve under storage 

temperature condition of SOC. Thedore, the safety concem for fmdbome ilhess 

resuitUig fiom ingestion of Listerkze would exist ifthe initial load of the product 
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contained this organism even though the product has been subjected to the combinai 

treatment protocol of MAP and irradiation, 

Although the synergistic &kt of MAP and irradiation does decrease the initial 

load of the microorganism, it does not eliminate it. When qdtaîive hhemlysis 

evaiuation was carrieci out on the organisms subjected to this cornbined treatment 

protoc04 it was observeci that the virulence properties of the organisn were not 

affecteci. 

Qunthtbe analyses of pathogeniaty in L monocytogems was demonsn-ated 

when the produd was subjected to the cornbined treatment protocol of MAP and 

irradiation This treatment protocol decreases the rate of death of chick embryos as 

compared to a treatment protocol consisting ody of MAP. Furthemore, the 

synergestic effect of MAP and irradiation was demonstrated to be more effdve, in 

decreasing the death rate of the chick embryos, at SOC as compared to at 1 1°c. 

The ab* to fornulate of a matbernaticai mode1 fiom the acperimental data 

generated by this study was demonstrated. The parameters used to derive the equation 

included Ett (protein) content, storage temperature and atmospheric conditions. The 

S 
model, - = exp (b* (1 - exp (-ER)), indicate that there is an impact of storage 

S o  

temperature, fat content, gas mixtures and irradiation on the growth of the organism. 
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Appendix table 1: Survival andor growth of L. monocytogenes in packageci beef (20) çonhhkg either 
15%:85% CO& or air. 

Air / 
11 

A t m o s p M  Storage time (d) Trial no. ( W l g )  
Temperatiae CC) 1 2 3 
15%:85% CG:Nz / O 15.9 x 10' 39.0 x 105 39.0 x lo5 

5 20.0 x 10' 37 .0~ l d  32-0 x 10' 
19.4.x 10' 19.0 x 10' 22.0 10' 

7 22.0 x 10' 30.0 x 104 30.0 x 104 
22.0 x 10' 40.0 104 40.0 x 104 
18.0 x 10' 70.0 x 104 20.0 x 104 

14 90.0 104 30.0 x 104 40.0 x 104 
10.0 105 17.0 x lo4 85.0 x lo4 
12.0 x IV 40.0 104 85.0 x 104 

21 13.0 10' 17.0 x 10' 54.0 x 10' 
10.1 los 11.0 x 10' 38.0 x 10' 
11.8 10' 14.0 x 10' 45.0 x 10' 

15%:85% C%:N2/ O 15.9 x 10' 39.0 x 10' 39.0 x 10' 
11 20.0 x 10' 37 .0~ 105 32.0 x 10' 

19.4.x 10' 19.0 10' 22.0 10' 
7 2.5 x 108 1.2 x log 1.6 x 108 

2.7 x 108 1.7 x log 2.5 x log 
2.3 x 1o8 1.6 x 108 2.1 x 108 

14 1.3 x log 1.8 x 10' 1.6 x 108 
1.8 x 108 1.9 x 10' 1.4 x 108 
1.4 x 108 1.8 x 108 1.7 x log 

O 2.1 x 10' 2.3 x 10' 1.8 x 10' 
2.6 x 10' 1.8 10' 1.6 x 10' 
20.0 10' 2.3 x 10' 1.7 x 10' 

7 19.0 x 10' 24.0 x 105 1.0 x 10' 
47.0 10' 27.0 10' 1 .O x 10' 
42.0 x 10' 28.0 x 10' 1.0 x 10' 

14 2.5 x 10' 7.4 lo5 11.3 10' 
4.0 104 8.4 x 10' 10.1 105 
3.2 x 10' 6.5 x los 12.5 x 10' 

21 82.0 x 10' 42.0 x 106 61.0 x 106 
62.0 x los 53.0 x 106 59.0 x 106 
70.0 x 106 53.0 x 106 60.0 x 106 

O 2.1 x los 2.3 10' 1.8 x 10' 
2.6 x 10' 1.8 105 1.0 10' 

20.0 10' 2.3 105 1.7 10' 
7 3.7 1o7 6.0 x 106 13.9 x 1o7 

3.9 107 7.0 x 106 10.7 107 
5.7 10' 1.3 x 107 7.6 x 107 

14 40.3 x 108 49.0 x log 20.0 x 108 
10.4 x log 37.0 x 10' 80.0 x lo7 
30.2 x 10' 40.4 x 10' 25.0 x 108 



Appendix table 2: Survival andfor growth of L monocyfogenes in packaged beef(20) 
containing eiîher 15%:85% CQ:N2 or air followed by irradiation at 
1.75 kGy. 

Atmosphad Storage time (d) Trial no. (CFUfg) 
Tempelaone CC) 1 2 3 
15%:85% CQ:N2 / O 30.0 x 102 40.0 x lot 50.0 x 102 



Atmospheref Storage time (d) Trial no. (CFU/g) 
Temperaîm CC) 1 2 3 

3.0 x 102 1.5 x 10' 2.5 x 10' 

Air 1 
11 





Atmospheref Storage time (ci) Trial no. (CFUlg) 
Temperaîure ("c) 1 2 3 

20.2 105 10.5 x 105 10.6 x 105 
7 20.0 105 60.0 105 30.0 x 10' 

30.0 x 10' 30.0 105 30.0 x 10' 
10.0 105 10.0 105 20.2 105 

14 10.3 x 107 30.0 x 107 30.9 x 107 
10.2 x 10' 30.9 x 10' 40.9 x 10' 
10.2 107 30.3 x 107 20.7 x 107 

21 90.0 x 107 90.0 107 80.0 x 1 0 ~  
90.0 x 107 4.0 x IO* 70.0 x 107 
10.1 x los 1.4 x 1 0 ~  1.2 x 108 



Appendix table 4: Survival andor p w t h  of L monocytogenes in packaged beef (20) 
containing e i k  30%:700/a Cq:N2 or air foliowed by irradiation at 
1.75 kGy. 

Atmosp herd Storage time (d) Triai no. (CFüIg) 
Temperature CC) 1 2 3 

30%:70% C4:N2 1 O 4.1 x 102 7.9 x 1o2 8.9 x loL 
5 4.3 x 102 6.4 x 10' 4.4 x 102 



Air 1 
11 

Atmosphed Storage time (d) Trial no. (CFU/g) 
Temperature CC) 1 2 3 

1.0 x 10' 1.5 x 10' 1.6 x 10' 
21 6.0 x 10' 7.0 x 10' 18.0 x 10' 

6.0 x 10' 2.0 x 10' 6.0 x 10' 
1 1.0 x 10' 5.0 x 10' 5.0 x 10' 

28 80-0 x 103 15.0 lo4 80.2 x lo3 
20.0 103 15.0 x 104 80.3 x l e  
20-0 x 103 14.0 x lo4 80.3 x 1(? 

35 1.7 x 10' 1.6 x 104 2.0 x 104 
1.6 x 104 1.7 104 2.0 x 104 
1.9 x 104 2.2 104 2.2 104 

42 17.0 x 10' 20.0 x los 59.0 x 10' 
20.0 x 10' 40.0 10s 80.0 x 10' 
22.0 10' 20.0 105 88.0 x 10' 

O 10.0 x 102 10.0 x 102 20.0 x 102 
10.0 x 102 30.0 x 102 7.0 x 102 
30.0 x 102 10.0 x 10' 24.0 x 102 

7 31.0 x 104 7.0 104 6.0 x 104 
30.0 x 104 1.3 x 104 9.0 x 104 
4.7 104 70.0 x 10" 4.0 x 104 

14 1.1 10' 1.9 x 10' 1.5 x 10' 
1.2 105 1.9 10s 1.5 x 10' 

98.0 x 104 2. I x 10' 1.5 10' 
21 2.3 x 106 1.0 x 106 1.5 x 106 

1.6 x 106 1.1 x 106 1.5 x 106 
2.1 x 106 1.1 x 106 1.5 x 106 

28 7.0 x 107 10.0 107 10.0 10' 
20.0 10' 30.0 x 107 60.0 107 
8.0 x lo7 8.0 lo7 25.0 x 107 



Appendix table 5: Survival &or growth of L. monocytogenes in packaged beef (47) 
containing either 15%:85% C4:N2 or air. 

Air 1 
5 

Air 1 
11 

Atmosphend Storage time (d) Trial no. (CFU/g) 
Temperature CC) 1 2 3 
1 5%:85% C@:N2 I O 18.0 x 10' 23.0 x lo5 23.0 x lo5 

5 15.0 x 10' 24.0 x 10' 19.0 x 10' 
19.0 x 105 25.0 x los 20.0 los 

7 1 1.0 104 11.0 x 104 15.0 104 
19.0 104 80.0 104 16.0 x 104 
19.0 104 17.0 x 104 22.0 104 

14 50.0 x 104 55.0 x 104 20.0 x 104 
50.0 x 104 40.0 104 70.0 x 104 
80.0 x lo4 70.0 lo4 85.0 x 104 

21 1.0 104 1.0 104 1.0 104 
3.0 104 1.0 104 9.0 x 104 
4.0 104 3.0 104 8.0 x 104 

15%:85% Ca:& 1 O 18.0 los 23.0 x 10' 23.0 x lo5 
11 15.0 10s 24.0 x 10' 19.0 x 105 

19.0 los 25.0 x los 20.0 los 
7 10.0 x 106 10.0 x 106 61.0 x 106 

7.0 x 106 20.0 x 106 20.0 x 106 
6.0 x 106 25.0 x 106 50.0 x 106 

14 63.0 x 10' 39.0 x 10' 80.0 x 107 
6 1.0 x 10' 4.0 x los 66.0 x lo7 
65.0 x 10' 70.0 x lo7 36.0 x 10' 

O 18.0 x 10' 23.0 x los 23.0 x 10' 
15.0 los 24.0 x 10' 19.0 x 10' 
19.0 x 10' 25.0 x 10' 20-0 los 

7 18.0 104 17.0 x 104 11.0 x 104 
25.0 x 104 17.0 x 104 29.0 x fo4 
19.0 .U 104 19.0 x 104 29.0 x 104 

14 30.0 x 104 55.0 lo4 12.0 lo4 
44.0 x 104 70.0 x 104 17.0 x 104 
33.0 x 104 70.0 .u lo4 85.0 x lo4 

21 28.0 x 104 11.0 104 20.0 104 
19.0 x 104 I 1.0 104 13.0 x 104 
20.0 104 19.0 x 104 12.0 104 

O 18.0 10s 23.0 x los 23.0 x 10' 
15.0 x 10' 24.0 x 10' 19.0 x los 
19.0 x los 25.0 x los 20.0 los 

7 27.5 x log 3 1.2 x 10' 28.5 x 10' 
23.4 x log 27.5 x 10' 26.5 x log 
27.7 x log 27.5 x 108 27.5 x log 

14 11.0 x 108 40.0 x los 38.0 x 10' 



Appendix table 6: Suxvivai andior growth of L monocytogenes in packaged beef (47) 
containing either 1 S%:8S% C%:N2 or air fo11owed by irradiation at 
1.75 kGy. 

Atmosp here/ Storage t h e  (d) Tria1 no. (CFWg) 
Temperature eC) 1 2 3 
15%:85% C@:N2 1 O 50.0 x 102 30.0 x 102 70.0 x 102 

5 60.0 x 102 30.0 x 102 40.0 x 102 

Air / 
5 



Atmosphend Storage time (d) Triai no. (CFU/g) 
Temperature (Oc) 1 2 3 

Air / 
11 



Appendix table 7: Sumiml andlor growth of L. monocytogenes in packaged beef (47) 
comainhg either 30%:700/0 Cq:N2 or air. 

Atmosp herd Storage time (d) Trial no. (CFU/g) 
Temperature! CC) 1 2 3 
30%:70% C@:N2/ O 18.0 x los 17.0 x 10' 15.0 los 

Air / 
5 



Atmospherel Storage time (d) Trial no. (CFUIg) 
Tempera- CC) 1 2 3 

7 44.0 x 10" 58.0 x 106 48.0 x lo6 
88.0 x 106 59.0 x 106 37.0 x 106 
70.0 x 106 52.0 x 106 48.0 x 106 

14 7.4 x log 15.1 x 10' 5.0 x 108 
10.1 x 108 13.1 x 10' 3.7 x 108 
6.7 x log 17.3 x 108 3.8 x 10' 

2 1 25.0 x 108 14.0 x 10' 58.0 x 10' 
17.0 x 108 16.0 x 108 15.0 x 108 
22.0 x 108 27.0 x 108 15.0 x 108 



Appendix table 8: Sunrival andior growth of L. monocytogclnes in packaged beef (47) 
containhg either 30%:70% Cq:N2 or air foiiowed by irradiation at 
1-75 kGy. 

Atmosphend Storage time (d) Trial no. (CFU/g) 
Temperature cc) 1 2 - 3 - 

Air / 
5 



Atmosphd Storage time (d) Trial no. (CEU/g) 
Temperaîm CC) 1 2 3 

18.0 x le 24.0 x 10' 11.0 x 102 

Air / 
11 



Appendùr table 9: Survival andior growth of L. monocytogenes in packageci beef (50) 
containing either l5%:85% CG:N2 or air. 

Air / 
5 

Air / 
11 

Atmosphed Storage tirne (d) Trial no. (CFUIg) 
Temperature (%) 1 2 3 
15%:85% CQ:N2/ O 16.0 x 10' 8.0 x 105 14.0 x 10' 

5 3.0 x 105 27.0 x los 18.0 x 105 
27.0 x 105 25.0 x 10' 21.0 105 

7 11.0 10' 11.0 x 105 15.0 105 
1.9 x 10' 6.0 x 105 16.0 x 10' 
1.9 x 105 17.0 10s 2.2 105 

14 8.0 x 10' 10.0 105 40.0 x 105 
6.8 x 10' 30.0 x 10' 40.0 x 10' 
7.0 105 10.0 105 40.0 x 105 

21 7.0 x 105 4.1 x 10' 30.0 x 105 
10.0 ?r 10' 6.4 x 10' 20.0 x 10' 
5.0 x 10' 5.3 105 24.0 x 10' 

15%:85% CO-& / O 16.0 x 10' 8.0 10' 14.0 x 105 
11 3.0 x 105 27.0 105 18.0 x 105 

27.0 x 105 25.0 x 10' 21.0 lo5 
7 19.0 x 10' 30.4 x 10' 26.4 x 10' 

24.0 x 10' 28.5 x 10' 26.5 x 10' 
27.0 x 10' 26.4 x 10' 26.5 x 10' 

14 27.0 x 10' 19.0 x 10' 22.0 x 10' 
17.0 x 10' 23.0 x 10' 17.0 x 10' 
18.0 x IO' 27.0 x 10' 13.0 x 10' 

O 18.0 x IO' 23.0 x lo5 23.0 x lo5 
15.0 x 10' 24.0 x 10' 19.0 x 10' 
19.0 x 10' 25.0 x 10' 20.0 105 

7 18.0 x 105 17.0 10' 11.0 x 105 
2.5 x 105 17.0 10s 7.0 x 105 
19.0 x 10' 9.0 x 105 20.0 105 

14 2.7 x 105 6.0 x 10' 12.0 x los 
2.5 x lo5 4.0 x 10' 17.0 x 105 

33.0 x 105 7.0 105 11.0 x 105 
21 3.0 x lo7 3 1.0 x 10' 16.0 x 107 

1.8 x 107 32.0 x 107 16.0 x 10' 
2.3 x 10' 26.0 x 10' 16.0 x 107 

O 18.0 x 10' 23.0 x 10' 23.0 x 105 
15.0 105 24.0 x 10' 19.0 x 10' 
19.0 105 25.0 x 10' 20.0 105 

7 27.5 x 108 26.5 x 10' 23.5 x 10' 
23.4 x 10' 28.5 x 10' 28.7 x 108 
27.7 x 10' 23.3 x IO' 26.7 x 10' 

14 3 1.0 x 10' 19.0 x 10' 49.0 x 10' 
3 1.0 x 10' 34.0 x 10' 61.0 x 10' 



Appendix table IO: Survival andfor gmwth of L. monocytogenes in packaged beef (50) 
containing either 15%:85% C@:N2 or air foiiowed by irradiation at 
1.75 kûy. 

Atmospherd Storage t h e  (d) Trial no. (CFUlg) 
Temperatme CC) 1 2 3 
15%:85% C&:N2/ O 20.0 x 102 70.0 x 1oL 40-0 x 102 

5 40.0 x 10' 13.0 x 1o2 60-0 x 10' 

Air / 
5 



Atmosphend Storage time (d) Trial no. (CFü/g) 
Temperature CC) 1 2 3 

8.0 x 102 8.0 x 101 7.0 x 10' 

Air / 
11 



Appendix table 1 1 : Sumimi  and/or &rowth of L. monocytogenes in packaged beef (50) 
amtaimng either 3û%:70% CG:N2 or air. 

Air / 
5 

Atmosphere/ Storage time (d) Trial no. (CFU/g) 
Temperature CC) 1 2 3 
30%:85% C@:N2 1 O 10.4 x 105 13.0 x lo5 9.0 lo5 

5 15.0 x 10' 24.0 x 10' 14.0 x 10' 
22.0 x los 15.0 105 26.0 x los 

7 13.0 x los 10.0 x 105 70.0 104 
90.0 104 5.0 10' 84.0 x 104 
11.0 lo5 4.0 x 10' 84.0 x 104 

14 40.0 x 104 50.0 x 104 30.0 x lo4 
30.0 x 10" 60.0 x 104 40.0 x 104 
30.0 x 104 60.0 x 104 60.0 x 104 

21 20.0 104 10.0 x 104 30.0 x 104 
10.0 104 10.0 x 104 20.0 x 104 
30.0 x 104 20.0 1o4 30.0 x 104 

28 20.0 1o4 40.0 x 104 20.0 104 
20.0 104 20.0 104 30.0 x 104 
20.0 104 20.0 104 20.0 x 104 

30%:85% CO& 1 O 10.4 105 13.0 x lo5 9.0 x 10' 
11 15.0 x 10' 24.0 x lo5 14.0 x 10' 

22.0 los 15.0 x los 26.0 x 10' 
7 96.0 x 106 4.6 x 10' 13.0 x 107 

1 1.6 x 10' 6.9 107 16.0 x lo7 
11.0 IO' 6.6 x lo7 17.0 lo7 

14 13.0 x log 11.0 x log 12.0 x los 
80.0 x 107 12.0 x 108 10.0 x 1o8 
11.0 x 108 11.0 x 108 11.0 x 108 

O 18.0 .u los 21.0 x los 10.9 105 
21.0 10' 60.0 x 105 15.0 x 10' 
22.0 10' 23.0 x los 15.0 x 10' 

7 15.0 x 10' 15.0 x los 7.0 105 
16.0 x los 16.0 x 10' 8.0 x 10' 
26.0 x 10' 16.0 x los 8.0 los 

14 19.0 x 10' 27.0 x 10' 36.0 x 10' 
21.0 x los 37.0 x 10' 20.0 lo5 
22.0 10' 26.0 x 105 55.0 x 10' 

21 12.2 10' 40.0 10' 40.0 x 10' 
10.8 x 10' 57.0 x 10' 20.0 x los 
12.0 10' 57.0 x 10' 46.0 x 10' 

28 10.0 10s 17.0 x 10' 50.0 x los 
30.0 x los 30.0 x los 36.0 x 10' 
20.0 los 40.0 x 10' 35.0 x 10' 

O 18.0 10' 21.0 10' 10.9 x 105 
2 1.0 105 60.0 x 105 15.0 x 10' 
22.0 105 23.0 x los 15.0 to5 

7 7.3 x 108 96.0 x lo7 25.0 x 108 
6.9 x log 12.4 x 10' 11.5 x 10' 
1.1 x IO* 11.2 x 108 80.0 x 107 



Atm0sphere/ Storage time (cf) Triai no. (CFUIg) 



Appendix table 12: Survival d o r  growth of L monocytogenes in packaged beef (50) 
co-g either 30%:7û% C&:N2 or air foilowed by irradiation at 
1.75 kGy. 

Atmosp hem/ Storage time (d) Trial no- (CFU/g) 
Temperam CC) 1 2 3 

30%:70% Ca:&/ O 92.0 x 102 83.0 x 102 53.0 x 102 

Air 1 
5 



Air / 
11 

Atmosphen4 S torage tirne (d) Triai no. (CFUIg) 
Temperatm cc) 1 2 3 

8.0 x 10' 26.0 x 10' 12.0 x 102 
21 1.5 x 1@ 90.0 x 102 1.8 x lo3 

2.4 x 103 90.0 x 102 1.4 x lo3 
3.3 x 103 89.0 x 10' 5.0 x 103 

28 63.0 x 103 63.0 x 103 97.0 x le 
67.0 x 103 67.0 x lo3 97.0 x 1C? 
71.0 x 103 71.0 x lo3 62.0 x 103 

3 5 1.3 104 1.3 x 10" 8.0 x 104 
2.8 x 104 1.8 104 1.0 104 
3.9 x 104 1.2 104 7.0 x 104 

42 2.6 x 10' 10.0 x los 3.0 x 10' 
21.0 los 8.0 x 10' 3.0 10' 
3.3 los 7.0 x 10' 13.0 x 105 

O 19.0 x 10' 20.0 x 102 29.0 x 10' 
13.0 x 10' 26.0 x 10' 15.0 x 102 
26.0 x 10' 29.0 x 102 22.0 x 102 

7 68.0 x 10' 33.0 x 102 80.0 x 102 
64.0 x 102 23.0 x 10' 62.0 x 102 
47.0 x 102 28.0 x 102 57.0 x 102 

14 29.4 x 106 30.4 x 106 28.8 x 106 
28.7 x 106 28.4 x lo6 26.3 x 106 
26.4 x 106 28.6 x 106 26.5 x 1o6 

21 7.0 107 45.0 x 107 44.0 x 107 
8.0 lo7 51.0 x lo7 46.0 x lo7 
2.0 107 33.0 x 107 40.0 x 107 

28 10.0 107 30.0 x 107 40.0 x 107 
10.0 lo7 80.0 x lo7 70.0 x lo7 
10.0 10' 70.0 x 107 50.0 x 107 



Appendix table 13: Survival a d o r  growth of L. monocytogenes in packaged beef (54) 
conîaiuing eitber 15%:85% C@:N2 or air. 

Atmosphere/ Storage time (d) Trial no. (CFü/g) 
Temperature CC) 1 2 3 
15%:85% C&:N2/ O 94.0 x 105 97.0 x 10' 55.0 x lo5 

Air 1 
5 

Air / 
Il 



Appendix table 14: Survival d o t  growth of L. monoqtogenes in packaged beef (54) 
contaiaing either 15%:85% Ca:& or air foliowed by hadiaîion at 
1.75 kW. 

Atmosphed Storage tirne (d) Trial no. (CFU/g) 
Tempemm CC) 1 2 3 
15%:85% C&:N2 / O 34.0 x 1(? 90.0 x lo3 66.0 x lo3 

Air 1 
5 



At.G&hefelefel Storage time (d) Trial no. (CFü/g) 
Tempera- CC) 1 2 3 

15.0 x 102 12.0 x 102 12.0 x 102 

Air 1 
11 



Appendix table 15: Siwival andlor gmwth of L. monocytogenes in packaged beef (54) 
containhg either 30%:700? C@:N2 or air. 

Air / 
5 

Atmospherd Storage time (d) Trial no. (CFUfg) 
Temperature ec) 1 2 3 
30%:70% C4:N2 / O 10.6 x lo5 12.4 x lo5 56.0 x lo4 

5 73.0 x 104 71.0 x lo4 99.0 x 10' 
95.0 x lo4 12.2 10' 84.0 x 104 

7 10.0 10' 13.0 x 10' 2.0 lo5 
10.0 10' 10.0 x 10' 3.0 x 10' 
20.0 x 10' 22.0 los 1.0 los 

14 23.0 x 10' 9.0 x 10' 12.0 10' 
20.0 10' 20.0 105 7.0 x 10' 
13.0 x 10' 14.0 x 10' 11.0 105 

21 10.0 x 10' 10.0 105 13.0 x 10' 
10.0 10' 20.0 10' 13.0 x 10' 
10.0 x 10' 20.0 10' 13.0 x 10' 

30%:70% C@:N2 / O 10.6 x 10' 12.4 x 10' 56.0 x 104 
11 73.0 x lo4 71.0 x 10' 99.0 x 104 

95.0 x 104 12.2 10s 84.0 x 10" 
7 20.0 10' 40.0 10s 13.0 x 105 

30.0 x 10' 30.0 x 10' 14.0 x lo5 
40.0 x 10' 40.0 x 10' 10.0 10' 

14 18.0 x 10' 3.0 x 107 21.0 107 
19.0 x 10' 3.0 x 107 47.0 x 107 
29.0 .U 107 5.0 x 107 27.0 x 107 

O 94.0 10' 92.0 x 10' 77.0 x 105 
97.0 x 10' 97.0 x 10' 23.0 x 10' 
20.0 10' 85.0 x 10' 19.0 x 10' 

7 44.0 x 10' 53.0 x 10' 60.0 los 
63.0 x 10' 70.0 los 68.0 x 10' 
42.0 x 10' 76.0 x 10' 82.0 x 10' 

14 30.0 x 10' 40.0 x 10' 70.0 x 10' 
40.0 x 10' 30.0 x 10' 40.0 10' 
50.0 los 80.0 x 10' 60.0 10' 

21 9.0 x 106 30.0 x 106 6.0 x 106 
9.0 x 106 6.0 x 106 7.0 x 106 
6.0 x 106 5.0 x 106 6.0 x 106 

O 94.0 x 10' 92.0 x 10' 77.0 10' 
97.0 IO' 97.0 x 10' 23.0 x 105 
20.0 105 85.0 x 10' 19.0 x 10' 

7 9.0 x 106 2.0 x 106 48.0 x 106 
3.0 x 106 1.0 x 1o6 47.0 x 106 
9.0 x 106 64.0 x 1o6 47.0 x 106 

14 96.0 x 10' 51.1 lo7 13.0 x 10' 
68.0 x lo7 54.5 lo7 13.2 x log 
94.0 x 10' 57.8 x lo7 13.4 x 10' 



Appendix table 16: Sinvival and/or p w t h  of L. rnonocytogenes in packaged beef (54) 
containhg either 30°?:70% CG:N2 or air followed by irradiation at 
1-75 kGy. 

Atmosphend Storage time (d) Trial no. (CFU/g) 

Air 1 
5 



Atmosphere/ Storage tirne (d) Trial no. (CFU/g) 

Air 1 
I l  
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