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The lag phase, the specific growth rate, the minimum a^ 

required for growth and the temperature characteristic of 

Fsendomonas fluorescens,  Brochothrix thermosphacta,   Salmonella 

typhlmurium,  Streptococcus faecalis  and, Staphylococcus aureus 

have been studied in liquid model media under controlled temperature 

and a^^ conditions.  The results show that the lag phase increases 

and the specific growth rates decreases when the temperature is 

lowered or the a^ is reduced.  The minimum a^ required for growth 

increases when the incubation temperature is lowered.  At 

refrigeration temperature the minimum a for growth of mesophiles 

is higher than that of psychrotrophs.  The temperature characteristic 



(representing the activation energy for growth) of psychrotrophs is 

lower than that of mesophiles, and therefore mesophiles are more 

sensitive to temperature changes.  All of these growth parameters 

depend on. the a^controlling solute.  The solute effect can be 

traced to the ability of the solute to penetrate into the cell and 

can be explained by the osmoregulatory mechanism.  In general, it was 

found that the effect of the solute on these parameters had the order 

glycerol<NaCl<sucrose. 

A comparison of three models for the effect of temperature on 

growth rate (linear, square-root, and Arrhenius) showed that the 

linear model had both the advantage of simplicity and accuracy.  In 

general, the Arrhenius model showed the poorest fit to experimental 

data. 

A predictive method was developed to assess the microbial 

stability of liquid model systems exposed to fluctuating 

temperatures.  The strategy was to predict lag time and growth rate 

by different regression equations, and to estimate microbial growth 

using an integral function of the accumulated time.  A lag time 

predictive model was developed using a linear relationship between 

lag time and reciprocal growth rate.  A linear equation was used to 

predict growth rate as a function of temperature.  The model was used 

to predict the growth of B.   thermosphacta  in liquid model media 

with low a and exposed to fluctuating temperatures.  The 

predictions were acceptable at a 95% confidence level.  This method 

will be used in future studies to predict the microbial stability of 

refrigerated foods exposed to temperature abuse. 
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THE MICROBIAL STABILITY OF 

REFRIGERATED INTERMEDIATE MOISTURE FOODS 

INTRODUCTION 

The primary objective of food preservation techniques is to 

control the activity of pathogenic and spoilage microorganisms in 

foods.  Preservation effectiveness depends on the product water 

activity (a^), pH, redox potential (Eh), temperature, preservative 

concentration, and other factors. These parameters represent 

microbial growth hurdles which are combined to achieve a desired 

shelf-life.  For instance, the microbial stability of raw ham is 

based on five hurdles: refrigeration temperature, aw, pH, Eh, and 

added preservatives (Leistner, et al.,   1981). 

Water activity, a quantitative expression of available water in 

foods, is probably the most important intrinsic factor determining 

microbial stability while temperature is the principal extrinsic 

factor.  Therefore, the combined hurdle effect of aw and 

temperature results in a substantial preservation effect. 

In recent years numerous intermediate moisture foods (IMF) have 

been developed using high solute concentrations to reduce a^ to the 

level of 0.90-0.60.  These products are shelf-stable without thermal 

processing and can be consumed without rehydration.  However, the 

high solution concentrations result in flavor acceptability 



problems.  Other hurdles need to be combined with a^ to reduce the 

use of solutes (Torres, 1987).  Compared with other microbial growth 

hurdles, refrigeration temperature is the best approach to attain 

microbial stability at acceptable solute concentrations.  This is the 

basis for the development of refrigerated intermediate moisture foods 

(RIMFS).  This task requires information on the minimum a^^ for 

growth at refrigeration temperature and careful examination of the 

effect of temperature abuse on microbial shelf-life. 

This model system study is divided into three parts: 

(1) to use liquid model systems to experimentally determine the 

effect of Oy and refrigeration temperature on the growth of 

several bacteria important in food spoilage; 

(2) to examine microbial growth parameters in a quantitative manner 

with particular emphasis on the effect of temperature abuse; 

(3) to examine mathematical models to predict microbial stability 

under fluctuating temperature conditions. 

A mathematical model for microbial stability will be established 

using kinetic data obtained for the growth of a spoilage indicator 

microorganism.  This model could then be used: 

(1) to predict the microbial stability of a refrigerated IMF at a 

constant temperature; 

(2) to assess the effect of temperature abuse on microbial stability; 

(3) to facilitate the formulation of refrigerated IMFs by predicting 

shelf-life extensions achieved by aw reduction, better 

temperature control, or a combination of both. 



LITERATURE REVIEW 

The hurdle effect concept in food preservation 

Microbial stability can be attained by an appropriate combination 

of thermal treatment, low storage temperature, adjustment of pH and 

aw, preservative concentration, competitive microflora, and other 

factors.  Each of these factors is a hurdle to the growth of 

microorganisms (Leistner and Rodel, 1976).  Table 1.1 lists several 

food processes and the hurdles used to achieve microbial stability 

(Leistner et al.,   1981) and indicates that most processes are 

based on several hurdles.  Usually, a product with more hurdles will 

be more stable, but too many hurdles might also lower product 

quality.  Therefore, quantitative information is necessary to 

maintain the hurdle combination and level to a minimum.  The effect 

of these combinations is schematically shown in Fig.I.l (Leistner 

et al., 1981).  Example (1) is a microbiologically stable product 

with six hurdles that the microorganisms cannot overcome.  In example 

(2), microbial stability is achieved by five hurdles of different 

intensity.  The main hurdles are aw and the use of preservatives. 

Example (3) represents the same product, but with a low initial 

microbial load.  In this product only two hurdles would be enough. 

In example (4), the initial microbial load is too high and therefore 

the same hurdles are not capable of preventing microbial spoilage. 

Example (5) represents the case of a food with a high nutrient 

concentration which facilitates microbial outgrowth and thus the 

usual hurdles may not be sufficient. 



Temperature effect on microbial growth 

Microbial growth is the result of a series of biochemical 

reactions with rates affected by temperature.  Therefore, as 

temperature is reduced, the microbial growth lag time increases and 

the growth rate declines. 

There are several explanations for the existence of a minimum 

growth temperature needed for microbial growth.  Michener and Elliott 

(1964) suggested that it results from a low temperature-induced 

imbalance.  When microorganisms approach this temperature some 

metabolic products accumulate in the cell and at the minimum 

temperature they inhibit microbial growth. 

Morita and Buck (1974) hypothesized that the minimum temperature 

for the growth of mesophlles is due to low temperature inhibition of 

substrate uptake, and noted that membrane function is affected by the 

alteration of membrane lipid composition induced by low 

temperatures. Many microorganisms respond to growth at suboptimum 

temperatures by synthesizing an increased proportion of unsaturated 

fatty acids (Kates and Hagen, 1964).  These changes decrease the 

melting point of the membrane lipids, thereby maintaining their 

integrity and function.  However, not all microorganisms undergo 

changes in fatty acid composition as temperature decreases (Joyce 

et al., 1970; Gill, 1975). 

Broeze et al.   (1978) investigated the effect of temperature 

on a number of metabolic processes in mesophlles and compared them 

with that of psychrotrophs.  Their work showed that the only process 

which correlated well with the inability of mesophilic bacteria to 



grow at low temperatures was the inability to synthesize protein. 

They suggested that the inability to synthesize protein was a block 

in translation initiation and that the initiation problem is related 

to the energy level in the cell (ATP or GTP).  Jones et al. 

(1987) confirmed that at low temperature a block exists in 

translation initiation but suggested that the block was caused by a 

set of proteins involved in transcription and translation.  They 

suggested that mRNA degradation induced by low temperature conditions 

was probably also involved. 

Temperature characteristic 

The temperature effect on microbial growth can be quantitatively 

analyzed using the parameter, temperature characteristic (ft), 

which is a measure of the activation energy for growth at suboptimal 

temperature. It can be calculated using the Arrhenius equation 

(Ingraham, 1958): 

r - A exp (-/i/R T) (1) 

or 

where: 

In r - -fi/R  T + C 

r = growth rate constant 

H  = temperature characteristic 

T = absolute temperature (0K) 

A,C = constants 

The value of (i  will be large if the growth of a microorganism 

is highly temperature-dependent. 



Minimum a^. for microbial growth 

The environmental aw influences the multiplication and 

metabolic activity of a microorganism.  Most microorganisms grow best 

at relatively high aw and, if aw decreases, fewer genera of 

microorganisms are able to multiply.  In general, molds are more 

tolerant of a decreased a^ than yeasts, and yeasts are more 

tolerant than bacteria.  The critical aw at which no microorganisms 

can grow is in the 0.60-0.70 aw range. However, higher aw are 

observed if other factors such as pH, salt, preservatives, and 

temperature are taken into consideration.  Table 1.2 lists the 

typical minimum a^  levels for food spoilage microorganisms 

(Beuchat, 1981). 

Solute effect 

The application of the a^ concept to food preservation makes 

one major assumption: when the aqueous solution in the environment is 

concentrated by addition of solutes or by removal of water, the 

consequences for microbial growth result solely from the change in 

aw.  Scott (1953) used this assumption to explain the data obtained 

for the growth of 14 strains of Staphylococcus aureus.  His work 

was confirmed by Christian et al.   (1953).  Subsequent studies 

have shown, however, that the effect of a,^ cannot be separated from 

the nature of the substances used to adjust its level.  Christian 

(1955) showed the solute effect differences that exist in media with 

a^ adjusted either with a salt mixture, sugar or glycerol for the 

growth of Salmonella oranienburg.     Baird-Parker and Freame (1967) 



reported that at equivalent aw levels glycerol was less inhibitory 

than NaCl on the germination and growth of Clostridium 

botulinum.     Marshall et al. (1971) compared the effectiveness 

of NaCl and glycerol on the growth of 16 species of non-halophilic 

bacteria and concluded that while most of the bacteria tested were 

more tolerant to glycerol, the more salt-tolerant bacteria, 

predominantly cocci, were more sensitive to glycerol than to salts. 

Brown (1976) suggested that glycerol is less effective than salts 

because glycerol is a permeable solute which does not cause cell 

damage by plasmolysis.  It is also a weak protein denaturing agent 

requiring very high concentrations to disturb protein structure. 

Microbial osmoregulation 

When 9 microorganism is switched to a low aw medium, it loses 

water and stops growing.  To build up internal osmotic strength and 

to prevent diffusion of water out of the cell, the microorganism 

accumulates potassium ions and organic solutes in the cytoplasm . 

The process of intracellular adaptation to reduced a^^ is 

illustrated in Fig.I.2 (Sperber, 1983).  Increasing potassium ion 

concentration activates glutamate dehydrogenase which reduces 

a-keto glutarate to glutamate.  As glutamaite accumulates in the 

cell and elevates the internal osmotic strength, water reenters the 

cell allowing growth to resume but at a reduced rate due to the 

energy consumed by the intracellular solute synthesis.  Fig.I.2 shows 

also that some bacteria decarboxylate glutamate to 7-aminobutyric 

acid or reduce it to proline.  In general, non-halophilic low a^ 



resistant bacteria accumulate proline whereas those least resistant 

accumulate glutamate (Measures, 1975). 

When a cell is under osmotic stress, there are several adaptive 

responses which seem to be controlled at the level of transcription. 

Regulons that adapt to osmotic change are said to be "osmoregulates". 

Examples of such genes are the kdp  operon, which codes for the 

high-affinity potassium transport system (Lamins et al., 1981); 

the ompC  and ompF genes, which encode the outer membrane 

porin proteins responsible for forming the low selectivity pores 

which allow low molecular weight hydrophilic solutes to cross the 

outer membrane (Van Alphen and Lutenberg, 1977); and the proU  and 

proP  genes, which encode two proline transport systems.  These 

systems function only under conditions of osmotic stress (Danlop and 

Csonka, 1985).  Osmoregulation at the level of transcription implies 

that the cell is able to sense the osmolarity of the growth medium 

and then use this information at the chromosome level to affect the 

transcription of the regulated genes (Ramakrishnan et al., 1987). 

Compatible solutes 

Under osmotic stress conditions, microorganisms can accumulate 

large amounts of solutes to protect themselves against osmotic stress 

and salt inactivation.  These solutes are called "compatible 

solutes".  Potassium ion and amino acids are common compatible 

solutes in bacteria.  Measures (1975) reported that glutamate, 

7-aminobutyrate, and proline participate in the osmoregulatory 

mechanism of bacteria.  He showed that those bacteria which 



accumulate proline are able to grow at much lower a^j values than 

those which accumulate only glutamate. 

Betaines (fully N-methylated amino acid derivatives) have also 

been found to be compatible solutes (Stewart, 1983).  Low 

concentration of exogenous glycine betaine was shown to stimulate the 

growth rate of Escherichia coli,   Salmonella typhimurium,   and 

Klebsiella pneumoniae  in low aw media (Le Rudulier et al., 

1983).  Choline appears to be a precursor of glycine betaine in 

osmotically stressed E.   coli  cells.  The choline-glycine betaine 

pathway is osmotically regulated (Landfald and Strom, 1986) . 

Glucose and arabinose have also been found to be compatible 

solutes for E.   coli  growing in media with NaCl, KC1 or sucrose as 

aw-controlling solutes (Roller and Anagnostopoulos, 1982). 

Glycerol can also function as compatible solute although they are not 

synthesized by bacteria. 

In the case of osmophilic yeast, polyols play an important role 

as compatible solutes.  Brown (1976) reported that Saccharomyces 

rouxii  accumulates arabitol and glycerol under conditions of 

osmotic stress. Jennings (1984) reported that polyols are widely 

distributed in fungi and that they have an osmoregulatory function. 

The combined effect of temperature and aw on microbial growth 

The minimum growth temperature can be elevated by lowering a^. 

Using KC1 as the a^controlling solute in Aerobacter aerogenes 

cultures, Wodzinski and Frazier (1961) reported that at a^O.965 

the minimum temperature was <150C; at aw=0.955 the minimum was 
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>20oC; while at a^O.950 the minimum was >30oC.  Using NaCl as 

the controlling solute had similar effects on the minimum growth 

temperatures of Clostridium botulinum  (Segner et al.,   1966; 

Emodi and Lechowich, 1969) and Salmonella sp.   (Matches and 

Liston, 1972). 

The synergistic effect of low temperature and low aw on 

microbial growth can be attributed to energy considerations, since 

the osmoregulation is an energy consuming process.  Therefore, when 

the osmoregulatory mechanism is operating the cell energy charge 

decreases.  Broeze et al.   (1978) postulated that at low 

temperature slight changes in the adenylate energy charge can 

dramatically affect the rate of protein synthesis.  Chapman et 

al.   (1971) observed that an appreciable decrease in energy charge 

usually coincides with a cessation of growth. 

Prediction of microbial stability at constant temperature 

In most food products microbial stability determines its 

shelf-life.  Predictive models are beginning to gain wider acceptance 

as a tool to analyze microbial stability (Farber, 1985).  There are 

three mathematical models available for the prediction of microbial 

stability as a function of storage temperature,.  The first one is 

the linear equation suggested by Spencer and Baines (1964): 

r - r0 (1 + cT) (2) 

where: 

r - rate of spoilage at a given temperature T (0C) 

r0= standard spoilage rate (at 0
oC) 

c = a constant. 
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This model was considered adequate to predict the spoilage of cod 

over a temperature range of -1 to +250C (Spencer et al.,   1964). 

However, Olley and Ratkowsky (1973) and Daud et al.   (1978) found 

that this equation did not adequately predict the spoilage of meat, 

poultry and shellfish.  Olley et al.   (1973) suggested the use of 

the Arrhenius equation to describe spoilage rates at different 

temperatures.  This model describes well the spoilage of meat and 

poultry at temperatures below 160C.  At higher temperatures the 

experimental curves deviated markedly from the predicted values. 

Ratkowsky et al.   (1982) proposed a new model relating the 

square root of bacterial growth rate and storage temperature. 

Although purely empirical, Eq.(3) was found to be suitable for 

several bacteria and has been used for shelf-life predictions (Pooni 

and Mead, 1984; Stannard et al.,   1985). 

/"r - b (T - T0) (3) 

where: 

b - a regression coefficient 

T - hypothetical lowest growth temperature 

Strictly speaking, the square root and the linear equations are 

special case of the Belehradek temperature function (McMeekin et 

al.,   1987).  The Belehradek function is: 

r - a (T - T0)
d (4) 

where: 

r =■ growth rate 

a, T , d = constants 
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This equation is a solution of the differential equation: 

ar/aT = rd/(T - T0) (5) 

This equation states that the rate at which growth rate changes with 

temperature is proportional to the growth rate and inversely 

proportional to the difference between T and T0.  This equation has 

been used to describe many different biological processes.  The 

Belehradek function leads to the square root equation when d = 2 and 

to the linear equation when d = 1. . 

The prediction of microbial shelf-life at fluctuating temperatures 

It is inevitable that refrigerated foods will be exposed to 

changing temperatures.  Temperature abuse accelerates microbial 

growth and causes foods spoilage.  Therefore, refrigerated IMF should 

have a aw low enough to withstand typical temperature abuse 

conditions. 

There are two methods to estimate microbial shelf-life at 

fluctuating temperature's.  The first one was presented by Power et 

al. (1964).  They predicted the growth rate of Aerobacter 

aerogenes  and Staphylococcus aureus  at fluctuating temperatures 

by multiplying a fluctuation coefficient by the growth rate at a mean 

temperature.  This fluctuation coefficient was a function of QIQ 

and the number of temperature cycles per unit of time.  Q-^Q is the 

ratio of reaction rate at the temperature (T0 + 10) to that at 

(T0).  It was noted that the actual and calculated rates did not 

agree well.  This was attributed to the use in their calculations of 

average growth rates that included both the lag and exponential 
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phase.  These phases do not necessarily change to the same extent 

when temperature is changed, i.e. their Q-^Q values are generally 

different. 

Another approach is to predict lag time and growth rate 

separately.  Broughall et al.   (1983) described models to predict 

separately the generation time and lag phase of S.   aureus  at 

different temperature and a^ levels using a nonlinear Arrhenius 

regression equation.  UHT milk was chosen as the model food system 

and aw was adjusted with D-glucose.  The equation used was: 

1/K 

P(25)*(T/298)*exp{(Ha/R)*(l/298 - 1/T)} 

1 + exp((HJ!/R)*(l/T>e/2-l/T)} 
(6) 

R    -   universal gas constant 

K    -   generation or lag time 

2(2$)  ~   growth rate or lag time at 250C 

T    -   absolute temperature 

Ha   -     constant describing the enthalpy of activation for 

microbial growth 

H^   —   constant describing the enthalpy of growth 

inactivation caused by lowering temperature 

^i/2 ^   temperature for 50% growth rate reduction caused 

by lowering temperature 
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The solution of the Verhulst differential equation (Eq.7) was 

used to calculate the extent of microbial growth (Broughall et 

a2.,1983).  These authors found that the prediction of lag time was 

not as accurate as that for generation time.  They hypothesized that 

the lag phase is not a uniform physiological process and thus cannot 

be accurately described by an Arrhenius equation. 

N = 

1 +[(b - N0)/N0]exp{[- 0.693(t - L)]/K} 

(7) 

N - cell concentration at time t 

N0 = initial population 

b — maximum cell population achievable 

K - generation time at maximum growth rate 

L = lag time 

Zamora and Zaritzky (1985) used a similar method to predict the 

surface growth of Pseudomonas sp.,  B.   thermosphacta,  Lactobacillus 

sp.,  Enterobacteriaceae  and yeasts in packaged refrigerated beef at 

0oC and 40C using the following expression: 

N/N0 - 2 Xi
0exp[r1(t - 4)] (8) 

where: 

N = number of total CFU/cm2 at time t 

N0= initial number of total CFU/ cm2 

1 = 1, 2 n, components of the microbial population 
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X^0" initial fraction of i in the total flora, i.e. 

(X1
0-N1

0/N0); 

r£= growth rate constant for microorganism (i) 

Lj- lag time of component (i) (days) 

The growth rate and lag time values were determined experimentally. 

They concluded that the proposed model allowed a satisfactory 

prediction of microbial growth. 
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Table I.1    Processes used in food preservation and parameters or 

hurdles they are based on. 

a, high temperature; b, low temperature; x, main 

hurdle; *, additional hurdle; o, generally not 

important for this process. 

(Leistner et al.,   1981) 
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Table 1.2    Water activity of some foods and susceptibility to 

spoilage by microorganisms. 

Microorganisms  generally  Inhibited 
Range of  au by loucsc au in  this  range 

Examples of  foods generally 
ulthln  this range of  au 

1.00 -  0.95 Pseudomonas.   Eschcrlchla.  Proteus. 
Shlgclla.  Klcbslclla.   Bacillus. 
Clostrldlum pcrfrlngens.   some 
yeasts 

0.95 - 0.91 

0.91 - 0.87 

0.87 - 0.80 

0.80 - 0.75 

0.75 - 0.65 

0.65 - 0.60 

0.50) 
) 
) 
) 

0.40) 
) 
) 

0.30) 
) 
) 

0.20) 

Salmonella,  Vibrio parahacmolytlcus, 
C.  botullnum.   Serratla,   Laccobaclllus, 
Pcdlococcus,   sonic molds,   Rhodotorula, 
Plchla 

Many yeasts  (Candida.  Torulopsls, 
Hanscnula).  Mlcrococcus 

Most molds  (mycocoxlgenlc penlclllla), 
Staphylococcus aureus.  most Saccharo- 
myces (balllll)  spp.,  Debaryorayces 

Most halophlllc bacteria,  myco- 
coxlgenlc aspergllll 

Xerophllic molds  (AsperRlllus cheva- 
llerl. A.  candldus. Walleala sebl), 
Saccharomyces blsporus 

Osmophlllc yeasts   (Saccharomyces 
rouxll),  few molds  (Asperglllus 
echlnulatus, Monascus blsporus) 

No mlcroblal proliferation 

Highly perishable  foods   (fresh 
and canned  fruits,  vegetables, 
meat,   fish)  and milk;  cooked 
sausages and breads;   foods 
containing up to ca.  40Z  ("/«) 
sucrose or 7Z NaCl 

Some  cheeses  (Cheddar,   Swiss, 
Muenster,  Provolonc),  cured 
meat   (ham),  some  fruit Juice 
concentrates;  foods containing 
55Z   (u/w)   sucrose or  12Z NaCl 

Fermented sausage  (salami),   sponge 
cakes,  dry cheeses, margarine; 
foods  containing 65Z  (w/u)   sucrose 
(saturated) or  15Z NaCl 

Most fruit Juice concentrates, 
sweetened condensed milk, 'choco- 
late syrup, maple and fruit syrups, 
flour,  rice, pulses containing 
15-17Z moisture;  fruit cake; 
country style ham,   fondants, 
high- sugar cakes 

Jam,  marmalade, marzipan,   glace 
fruits,   some marshmallows 

Rolled oats containing ca.   10Z 
moisture,  grained nougats,   fudge, 
marshmallows.  Jelly,  molasses,   raw 
cane sugar, some dried fruits,  nuts 

Dried fruits containing  15-20Z 
moisture;  some  toffees and 
caramels,  honey 

Noodles, spaghetti, etc. containing 
ca. 12Z moisture; spices containing 
ca.   10Z moisture 

Whole egg powder containing 
ca.  5Z moisture 

Cookies,  crackers,  bread crusts, 
etc.  containing 3-5Z moisture 

Whole milk powder containing 2-3Z 
moisture;  dried vegetables  con- 
taining ca.  5Z moisture;   com 
flakes containing ca.   5Z moisture; 
dehydrated soups;   some  cookies, 
crackers 
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Fig. I.l  Five examples illustrating the hurdle effect on which the 

microbial stability of foods is based.  F, high 

temperature; t, low temperature; pres., preservative; V, 

vitamins; N, nutrients. 

(Leistner et al.,   1981) 
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Fig. 1.2   Intracellular adaption to reduced aw. 

A, potassivun; o, glutamate; •, GABA or proline, 

(Sperber, 1983) 
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ABSTRACT 

The growth rate and lag phase of Pseudomonas fluorescens, 

Brochothrix thermosphacta,   Salmonella  typhimurium,   Streptococcus 

faecalis,   and Sthaphylococcus aureus  was studied in liquid 

media as a function of temperature and a^  As expected, the lag 

phase lengthened and the growth rate decreased when the temperature 

was lowered or the a^ reduced.  These variations depend on the 

a^-controlling solute.  In general, the magnitude of the solute 

effect on the growth rate parameters was glyceroKNaCKsucrose.  This 

effect can be related to the ability of the solutes to permeate the 

cell and can be explained by the osmoregulatory mechanism.  With 

respect to microbial growth, the specific growth rate was not as 

sensitive to the a^controlling solute as the lag phase.  A linear 

extrapolation method was confirmed as a reliable and convenient 

method to estimate the minimum a^ for microbial growth. 
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INTRODUCTION 

Water content is the most important intrinsic factor determining 

the potential for microbial deterioration of a food.  The 

quantification of this potential using water availability, expressed 

as water activity (au) , has been widely accepted (Vandenberg and 

Bruin, 1981).  According to their a^ foods can be divided into 

three categories: high, intermediate, and low moisture with a^^ 

ranges of 1.0-0.9, 0.9-0.6, and < 0.6, respectively (Leistner and 

Rodel, 1976).  High moisture foods are perishable and need to be 

further processed (e.g. canned, frozen, or refrigerated) to achieve 

an acceptable shelf-life.  Low moisture foods are shelf-stable, since 

their a^ is low enough to prevent microbial growth (Beuchat, 

1981).  Intermediate moisture foods (IMF) are resistant to the growth 

of most food spoilage and pathogenic microorganisms, but osmophilic 

yeasts, xerophilic molds and halophilic bacteria can cause food 

spoilage.  Since the minimum aw requirement for fungal growth is in 

the 0.61-0.93 range (Labuza, 1984), fungistatic agents are usually 

added to extend shelf-life. 

In recent years numerous new IMFs have been developed.  The 

development of modern IMFs have been discussed by Karel (1976), 

Labuza et al.   (1974), Bone (1973) and Brockmann (1970).  Many 

researchers have recommended that the highest limit of a^ for IMFs 

should be set at 0.86 to inhibit the aerobic growth of the pathogen 

Staphylococcus aureus  (Ledward, 1982).  However, sometimes for 

special considerations such as toxin production potential, 
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organoleptic acceptance considerations or refrigerated storage 

conditions, other specific microorganisms might serve more 

appropriately as a potential spoilage indicator.  For example, the 

indicator for stored grains and other seeds could be Aspergillus 

glaucus.     In the case of meat products one could use Wicrococcus 

sp.,   Streptococus faecalis  or Aspergillus niger,  while for an 

IMF with a high fat concentration, Penicillium sp. might be an 

adequate indicator (Hass et al., 1875). 

The solutes most widely used in IMF product development work are 

NaCl and sucrose.  Glycerol and several other polyols are also used 

to some extent.  Even though a^ is a good predictor of microbial 

growth, differences between individual solutes should not be 

ignored.  These solute effects affect the minimum a^ for growth of 

the indicator microorganism.  For example, S. aureus is more 

sensitive to glycerol than to NaCl.  The minimum aw for growth at 

30oC in the presence of NaCl and glycerol is 0.86 and 0.89, 

respectively (Scott, 1953; Troller, 1971).  On the other hand, 

Salmonellae  and Clostridium sp.   are more sensitive to NaCl 

than glycerol. Marshall et al.   (1971) compared the NaCl and 

glycerol tolerances of 16 species of non-halophilic bacteria.  These 

workers found that while most bacteria at the same a^^ were more 

tolerant of glycerol, there were bacteria (predominantly cocci) that 

were more sensitive to glycerol than to salt.  All cultures were 

incubated at 30oC. 

Another IMF product development consideration is the high solute 

concentration needed to produce a significant lowering of food a^ 
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which is often well above that for product flavor acceptability 

(Karel, 1976).  However, it is possible to raise the "safe" aw 

through the synergistic effects of other intrinsic and extrinsic 

factors such as pH and temperature.  These additional hurdles to 

microbial growth allow the development of safe, yet palatable IMFs 

having aw in the 0.90-0.95 range (Bone, 1973; Leistner and Rodel, 

1975; Leistner, et al.,   1981). 

Compared with other hurdles, refrigeration has the potential for 

being the best approach to microbial stability at acceptable solute 

concentrations.  Temperature is the most important extrinsic factor 

on the microbial deterioration of foods and determines microflora and 

microbial growth rate.  An example can be seen in the classification 

of meat products into three categories (Leistner, et al.,   1981). 

Highly perishable meat products have a pH above 5.2 and an a^  above 

0.95 and must be stored at or below 50C.  Perishable meat products 

have either a pH of 5.2-5.0 (inclusive) or an aw of 0.95-0.91 

(inclusive) and must be stored at or below 10oC.  "Shelf-stable" 

meat products have a pH < 5.2 and an aw < 0.95 or a pH < 5.0 or 

aw < 0.91; hence products require no refrigeration.  This 

preservation concept considers bacteria which cause spoilage as well 

as food-poisoning but not yeasts and molds.  Fungi would have to be 

controlled by the addition of mycostatic agents. 

Lee et al.   (1981) showed that when precooked bacon was stored 

aerobically at 370C, S. aureus A100 was capable of rapid growth 

at a^O.84, whereas at 20oC a a^O.88 was required.  Magrini 

et al.   (1983) also found that the combined effects of reduced 
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temperature (20oC) and a^^ (0.95-0.97) resulted in a significant 

inhibitory effect on the growth of S. aureus in processed 

cheese.  Theron et al. (1980) observed that at 40C S. 

aureus could not grow and produce thermonuclease in smoked meat at 

aw's of 0.966, 0.956 and 0.944.  At 24 and 370C very high counts 

as well as thermonuclease presence were reported at all three a^^ 

levels. 

Although the aforementioned publications offer information to 

support the development of refrigerated IMFs, there is an 

insufficient amount of quantitative data on the combined effect of 

aw and temperature.  This paper describes the aw effect on 

microbial growth of three mesophiles at refrigeration temperature, 

Streptococcus faecalis  (G+), Salmonella typhimurium  (G-) and 

Staphylococcus aureus   (G+); and two psychrotrophs, Pseudomonas 

fluorescens  (G-) and Brochothrix thermosphacta  (G+).  S. 

faecalis  survives low aw environments better than E.   coli. 

This observation suggests that this microorganism may be a better 

index of sanitation than E.   coli   (Uzelar and Stille, 1977). 

S.   typhimurium caused more food poisoning cases  than any other 

microorganism  (Gilbert,   1983).     S.   aureus  can grow at the lowest 

aw conditions of all pathogenic bacteria (Tatini, 1973).  In the 

particular case of refrigerated meat and processed meat products 

P. fluorescens  and B.   thermosphacta are  two microorganisms 

commonly associated with their spoilage (Dowdell and Board, 1971; 

Gill and Newton, 1977). 
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Sucrose, NaCl and glycerol were used to adjust the aw of the 

growth medium.  Values above refrigeration temperature were included 

to obtain information needed to evaluate the effect of product abuse 

during storage, distribution and consumer practice (Li and Torres, 

1988).  NaCl and sucrose are the most widely used solutes in IMF 

product development.  Glycerol is another widely accepted solute 

(Bone, 1973). 
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MATERIALS AND METHODS 

Cultures 

Staphylococcus aureus  (ATCC 13566), Streptococcus 

faecalis   (ATCC 7080), Salmonella typhimurium  (ATCC 13311), 

Brochothrix thermosphacta  (ATCC 12706) and Pseudomonas 

fluorescens   (ATCC 17400) were obtained from the American Type 

Culture Collection (Rockville, MD).  The inoculum for the growth 

studies was prepared by transferring a loopful of culture from a 

nutrient or brain heart infusion slant to the corresponding broth 

(Difco, Detroit, MI). 

Media 

Brain heart infusion (pH 7.4 + 0.2 at 250C) was the medium for 

the growth studies of B.   thermosphacta  and S. faecalis. 

Nutrient broth (pH 6.8 + 0.2 at 250C) was used for S. 

typhimurium,  S.  aureus  and P. fluorescens.     Media were 

autoclaved for 15 minutes at 1210C (15 psi). 

Measurement and adjustment of aw 

The a^ of media was adjusted using different concentrations of 

glycerol, sodium chloride or sucrose.  After sterilization, the a 

was measured at the incubation temperature using a Hygroline sensor 

assembly (Model EBS, Beckman Industrial, Inc., Cedar Grove, NJ) 

attached to an electric hygrometer recorder (Model VFB2, Beckman, 

Inc.) which was recalibrated every 1-2 weeks.  The reproducibility of 
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this instrument is +0.1% (Beckman Industrial, Inc.).  Experimental 

data is reported with a 0.001 aw units precision.  In the case of 

a^ conditions leading to long lag phases and slow growth rate, the 

SLj  was also measured at the end of the experiment. 

Growth studies 

Erlenmeyer side-arm flasks containing 30 ml medium were 

inoculated (0.1 ml/flask) with cultures in the mid exponential phase 

of growth (10 CFU/ml).  The flasks were incubated at various 

incubation temperatures (+0.5 0C) on an orbital shaker (120 rpm) 

(Model G-33, New Brunswick Instruments, Edison, NJ).  Growth was 

followed by measuring the optical density of the media at 600 nm 

using a Spectronic 20 spectrophotometer (Bausch and Lomb, Rochester, 

NY) .  The specific growth rate was determined by plotting the 

ln10 of optical density readings versus time.  The slope of the 

linear portion of the growth curve is equal to the growth rate 

constant. 
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RESULTS AND DISCUSSION 

The growth profiles of P.   fluorescens  at 4, 8, 16 and 260C 

in media with aw controlled by adding NaCl, glycerol or sucrose are 

shown in Figs. II (1-3).  As expected, the apparent lag phase 

increased and the growth rate decreased as the a^  was reduced. 

This a^ effect was strongly solute dependent.  The solute 

dependency was also observed for the growth of all other 

microorganisms included in this study. 

Effect of temperature and solute on lag phase 

The effect of temperature and solute on the lag phase of 

P.   fluorescens  and B.   thermosphacta  at a high and a low aw 

value is summarized in Table II.1.  It shows that the growth 

inhibitory effect order as expressed by apparent lag phase is 

glycerol<NaCl<sucrose.  The lag phase values for P.   fluorescens 

growth in glycerol based medium were 0.3, 8.0, 1.5 and 13.5 hours for 

growth at a^O.979 and 260C, aw=0.978 and 4
0C, a^O.955 and 

260C, and aw=>0.956 and 4
0C, respectively.  In the case of NaCl 

for similar conditions the values are 1.5, 22, 35 and >70 hours, 

respectively.  In the case of sucrose the values are even larger. 

Similar results were observed for B.   thermosphacta. 

The solute effect on the lengthening of lag time depends on how 

the cells respond to the environmental osmotic stress (Sperber, 

1983).  If the solute is relatively impermeable, the cell membrane 

contracts and remains shrunken until the solute diffuses in and 
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accumulates inside the cell, or a solute is synthesized within the 

cell resulting in some level of osmotic balance (Sperber, 1983). 

Therefore, an intracellular solute accumulation appears to be a 

prerequisite for growth.  For many microorganisms, glycerol is a 

permeable solute (Brown, 1976) having only a transient effect on cell 

turgor and would not be expected to have the inhibitory effect of a 

plasmolysing solute such as NaCl.  Therefore, when glycerol is the 

bulk solute in the environment, cells could rapidly adapt to this low 

a.^ condition and the lag time would not lengthen dramatically. 

However, since NaCl and sucrose are not permeable solutes, when these 

two solutes are used to control aw, cells would need time to 

synthesize an intracellular compatible solute such as glutamic acid 

or proline to balance the external osmolality (Brown, 1976; Measures, 

1975; Prior et al., 1987).  This osmoregulation process requires 

considerable energy (Prior, 1978).  Moreover, at low temperature 

chemical reactions involved occur very slowly and therefore it is not 

surprising that the combined effect of refrigeration temperature and 

low a^ controlled by impermeable solutes lengthens the lag phase 

dramatically.  With respect to mesophiles the effect of temperature 

and solute on lag time is similar to that of psychrotrophs 

(Table II.2).  The most significant difference is that at 12 and 

160C glycerol is more inhibitory than NaCl for S. typhimurium 

and S. aureus, an observation that might be due to metabolic 

differences between high and low temperatures for these particular 

microorganisms.  In summary, the most interesting observation is that 

for both mesophiles and psychrotrophs significantly longer lag phases 

are observed in the presence of sucrose. 
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Effect of temperature and solute on the specific growth rate 

Linear correlations of specific growth rate values as a function 

of a^ at various temperatures and for NaCl, glycerol or sucrose as 

solutes, have been summarized in Figs. 11.(4-8) for all 

microorganisms included in this study.  As compared to lag phase 

values, specific growth rate determinations do not show strong solute 

effects.  For example, in media with glycerol, NaCl, or sucrose and 

a^ at about 0.980, the specific growth rates of P.   fluorescens 

at 260C are 0.547, 0.542 and 0.439, respectively.  When the 

temperature is lowered to 40C these values decrease to 0.085, 0.078 

and 0.062, respectively.  Similar results were observed for other 

microorganisms at various other conditions.  This observation implies 

that the specific growth rate seems to be more dependent on a^ than 

on the a^controlling solute. 

Effect of temperature and solute on the minimum aw for growth 

From Figs. 11.(4-8) the minimum aw for the growth of all 

microorganisms, solutes and temperatures included in this study have 

been estimated by linear extrapolation and summarized in Table II.3 

(Measures, 1975).  The validity of this procedure was confirmed 

experimentally for the growth of P.  fluorescens.     The measured 

and estimated minimum aw are shown in Table II.4.  A paired t-test 

showed that the difference between measured and estimated values was 

not significant at a 95% confidence level.  A comparison with 

previously published data showed that the minimum aw in the media 

with a^  controlled by glycerol is in accordance with Prior's work 
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(Prior, 1878), but that the minimum aw using NaCl and sucrose are 

lower than his data.  It should be noted, however, that Prior used a 

120 hour incubation period while we found that the lag time could 

lengthen to two weeks at a^^ 0.948. 

Published data regarding minimum a^^ at different temperatures 

for the microorganisms included in this study is rather limited.  It 

has been reported that B.   thermosphacta  can grow only slowly at 

0, 10 and 250C when the the a^  of meat is controlled at 0.94 

using NaCl (Gardner, 1981).  This aw value is consistent with 

values reported in Table II.3.  For 5. faecalis  the minimum a^^ 

at 250C, also controlled with NaCl, was 0.94 which is also our 

estimated value (Marshall et al.,   1971).  For Salmonella 

(Christian and Scott, 1953; Sperber, 1983) the minimum aw at 25
0C 

using NaCl was 0.950 which is consistent with our estimations, 0.951 

and 0.945 at 20 and 260C, respectively.  The generally accepted 

minimum a^ controlled with NaCl, for the growth of S. aureus 

is 0.86 at 250C (Sperber, 1983; Vaamonde et al.,   1982) while 

our extrapolated value was 0.873.  This discrepancy is not surprising 

because of the deviation from a linear relation as shown in Fig. 

II.8b (R2 = 0.89). 

Table II.3 shows two observations that are noteworthy.  First, 

the temperature influence on the minimum a^ for growth of 

mesophlles is more important than on psychrotrophs.  This observation 

suggests that the metabolism of psychrotrophs is more tolerant to 

temperature changes than that of mesophiles.  When the temperature 

changes from 26° to 60C, the average difference for all solutes 
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in minimum a^ is only 0.008.  On the other hand, in the case of 

S. aureus the difference in minimum a^^ between 26° and 120C 

was 0.057, 0.024 or 0.032 when NaCl, glycerol or sucrose were used as 

the controlling solute, respectively.  The average differences in the 

minimum a^ for growth of S. faecalis  and S. typhimurium was 

0.018. 

Another noticeable observation is the solute effect on the 

minimum aw for growth.  Table II.3 shows that glycerol allows 

growth at lower a^s as compared to NaCl and sucrose.  As 

previously noted, S. aureus is an exception to this rule 

(Marshall et al.,   1971). 
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CONCLUSIONS 

Microbial growth kinetics information is needed to facilitate the 

development of refrigerated IMFs and allow estimation of their 

shelf-life under commercial distribution conditions, particularly 

changing temperature conditions.  This study shows that shelf-life 

modeling will need to include not only temperature and a^^ 

considerations, but also solute effects.  Particular attention will 

be given to the solute effect on lag phase.  Generally, most food 

spoilage bacteria are more sensitive to impermeable solutes, such as 

NaCl and sucrose, except S. aureus and some gram-positive cocci 

which are more sensitive to glycerol than salts (Marshall et al., 

1971). 
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TABLE II.1. Effect of temperature ( C) on lag phase (hours) and 
growth rate (hour" ) of psychrotrophs at various 
water activity levels controlled by different 
solutes.a 

Strain Temp. 

Solute 

Glycerol NaCl Sucrose 

P.fluorescens 26 0.3/.547/.979 

16 1.6/.278/.981 

8 5.5/.136/.980 

4 8.0/.087/.978 

1.5/.542/.981 6.0/.439/.978 

6.0/.332/.981 12.0/.135/.980 

14.0/.151/.982 34.0/.107/.980 

22.0/.078/.980 45.0/.061/.980 

26 1.5/.206/.955 

16 3.5/.113/.956 

8 7.5/.059/.956 

4 13.5/.043/.956 

35.0/.181/.955 20.0/.141/.955 

42.0/.095/.956 29.0/.100/.960 

70.0/.040/.956   --- 

B.thermosphacta 26 0.8/.662/.973 

16 2.0/.360/.972 

8 7.5/.144/.972 

4 15.0/.124/.972 

2.5/.569/.967 

4.5/.397/.968 

12.0/.160/.968 

16.0/.138/.968 

4.5/.294/.972 

6.5/.249/.972 

22.0/.134/.969 

56.0/.071/.969 

26 1.2/.380/.948 

16 3.4/.150/.949 

8 11.0/.083/.950 

4 26.0/.056/.950 

5.5/.350/.952 

6.5/.170/.952 

20.0/.083/.952 

34.0/.049/.952 

15.5/.089/.951 

16.0/.037/.957 

50.0/.026/.958 

Values reported correspond to lag time/specific growth rate/a , 

respectively. 
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TABLE II.2. Effect .of temperature (0C) on lag phase (hours) and 
growth rate (hour" ) of mesophiles at various water 
activity levels controlled by different solutes.3 

Solute 

Strain        Temp. Glycerol NaCl Sucrose 

S.faecalis               26 <1.0/.610/.967 <1.0/.510/.981 3.0/.670/.981 

20 1.2/.320/.968 2.5/.380/.981 4.5/.330/.980 

16 1.5/.120/.968 3.0/.160/.982 5.5/.180/.978 

12 2.0/.050/.968 4.5/.070/.978 27.0/.067/.979 

26 1.0/.250/.944 2.5/.300/.953 16.5/.220/.950 

20 6.5/.120/.944 14.5/.070/.956 22.5/.120/.954 

16 8.5/.037/.946 35.0/.020/.958 

12 9.0/.013/.946 

S.typhimurium        26 0.5/.450/.982 1.0/.780/.984 5.0/.500/.975 

20 2.2/.290/.983 4.2/.350/.980 9.5/.250/.977 

16 3.5/.120/.983 5.0/.220/.984 11.0/.140/.978 

12 23.5/.060/.982 29.0/.089/.983 27.0/.074/.974 

26 1.0/.300/.969 2.5/.370/.964 14.5/.270/.964 

20 3.5/.200/.969 16.5/.160/.965 24.0/.110/.964 

16 38.0/.040/.964 22.5/.060/.965 32.0/.050/.967 

12 58.0/.030/.968 50.0/.020/.967 68.0/.010/.967 

S.aureus        26 1.5/.620/.970 1.2/.780/.970 2.5/.540/.980 

20 1.8/.280/.974 3.2/.450/.968 4.8/.300/.978 

16 4.8/.120/.975 11.5/.240/.967 14.2/.110/.977 

12 18.0/.050/.977 37.0/.120/.968 33.0/.100/.980 

26 1.8/.360/.952 2.0/.550/.950 5.2/.220/.947 

20 4.0/.120/.950 4.0/.140/.950 14.5/.120/.950 

16 24.0/.050/.955 19.0/.097/.950 45.0/.020/.953 

1 0 72.0/.040/.950 
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TABLE II. 3.  Minimum water activity for microbial growth. 

Solute 

Strain Temperature   Glycerol       NaCl    Sucrose 

B.   thermosphacta 

P.   fluorescens 

S.   faecalis 

S.   typhimurium 

aureus 

26 .934 .922 .946 

16 .939 .928 .952 

8 .940 .926 .951 

4 .942 .931 .953 

26 .945 .941 .939 

16 .949 .938 .942 

8 .946 .937 .951 

4 .951 .934 .954 

26 .941 .928 .935 

20 .951 .933 .943 

16 .957 .932 .943 

12 .961 .936 .955 

26 .945 .941 .947 

20 .951 .946 .957 

16 .960 .950 .962 

12 .963 .959 .964 

26 .873 .922 .916 

20 .891 .931 .927 

16 .896 .934 .940 

12 .927 .946 .948 
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TABLE II.4. a b Estimated and measured minimum water activity 
values for growth of P. fluorescens. 

Solute 

Temperature 

(0C) 

Glycerol 

V meas "w 
est 

"w 

NaCl 
meas V est V 

Sucrose 
meas 

% 
est 

26 .945 .945 .941 .943 .939 

16 .949 .948 .938 .940 .942 .949 

8 .948 .948 .937 .940 .951 .951 

4 .951 .952 .934 .940 .954 .951 

a values estimated by linear extrapolation (a^ ) 

)• no growth after 21 days of incubation (aj meas 
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Fig. II.1    Growth of P. fluorescens  in media with aw 

controlled by glycerol at various temperatures 

a. 260C; b. 160C; c. 80C; d. 40C. 
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Fig. II.2    Growth of P. fluorescens  in media with aw 

controlled by NaCl at various temperatures, 

a. 260C; b. 160C; c. 80C; d. 40C. 
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Fig. II. 3    Growth of P. fluorescens in media with a^^ 

controlled by sucrose at various temperatures. 

a. 260C; b. 160C; c. 80C; d. 40C. 
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Fig. II.4    Effect of temperature on the minimum aw forP. 

fluorescens in controlled aw media, 

a. glycerol; b. NaCl; c. sucrose. 
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Fig. II.5    Effect of temperature on the minimum a^^ for the 

growth of B.   thermosphacta  in controlled a^^ 

media, 

a. glycerol; b. NaCl; c. sucrose. 
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Fig. II.6    Effect of temperature on the minimum a^ for the 

growth of S. faecalis  in controlled a^  media, 

a. glycerol; b. NaCl; c. sucrose. 
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Fig. II.7    Effect of temperature on the minimum aw for the 

growth of S. typhimurium  in controlled aw media, 

a. glycerol; b. NaCl; c. sucrose. 
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Fig. II.8    Effect of temperature on the minimum aw for the 

growth of S. aureus in controlled aw media, 

a. glycerol; b. NaCl; c. sucrose. 



62 

0.8 

1- b • 
r 
\ 
«^ « 26 0C 

0.8 " a 20 "C 
UJ A 160C 
IF 0 120C 
X 

X0.4 ■ 

Q 
ir 
(D 

^0.2 ■ 

U. 
i-) , 
u / 
UJ / 
0. 
in _ _ * / . 

Sh 

/ 

0.0 ^k± 

/ 

/ 

0.8 

0.8 

0.4 • 

0.2 ■ 

0.0 
0.865 

o. 

«   260C 
ro   20oC 

A   160C 
o   120C 

1/ 
/ 

^ 

/-'' 

0.005 0.025 0.845 
WRTER   ACTIVITY 

0.0®        0.985 

Figure  II.8 



63 

REFERENCES 

Beuchat, L.R.  1981.  Microbial stability as affected by water 

activity.  Cereal Foods World 26:345-361. 

Bone, D.P.  1973.  Water activity in intermediate moisture foods. 

Developing self-stable formulations compatible with flavor, 

texture and other aspects of food is a challenge to the food 

technologists.  FoodTechnol. 27(4):71-76. 

Brockmann, M.C.  1970.  Development of intermediate moisture foods 

for military use.  Food Technol. 24:896-900. 

Brown, A.D.  1976.  Microbial water stress.  Bacteriological Reviews. 

40:803-846. 

Chirife, J., S.M. Alzamora, and C.F. Fontan.  1983.  Microbial growth 

at reduced water activities: studies of a^^ prediction in 

solutions of compatible solutes.  J. Applied Bacteriology. 

54:339-343. 

Christian, J.H.B. and W.J. Scott.  1953.  Water relations of 

salmonellae at 30oC.  Aust. J. Biol. Sci.6:565-573. 

Farber, M.J.  1985.  Predictive modeling of food deterioration and 

safety, p.57-90.  In M.D. Pierson (ed.), Foodborne 

Microorganisms and their Toxins.  Marcel Dekker, Inc. New York. 

Gardner, G.A.  1981. Brochothrix thermosphacta.   (Microbacterium 

thermosphactum)   in the spoilage of meats: a review. 

p.139-173.  In T.A. Roberts, C. Hobbs, J.H.B. Christian, N. 

Skougaard (eds.), Psychrotrophic Microorganisms in Spoilage and 

Pathogenicity.  Academic Press Inc. Ltd., NY. 



64 

Gould, G.W. and J.C. Measures.  1977.  Water relation in single 

cells.  Transactions of the Royal Society, London, 278(B): 

151-166. 

Gould, G.W., M.H. Brown, and B.C. Fletcher.  1983.  Mechanisms of 

action of food preservation procedures,  p.67-84.  In T.A. 

Roberts and F.A. Skinner (ed.), Food Microbiology: Advances and 

Prospects.  Academic Press Inc., Ltd., New York. 

Hass, G.J., D. Bennet., E.B. Herman, and P. Collette.  1975. 

Microbial stability of intermediate moisture foods.  Food Product 

Develop. 9:86-90. 

Kaplow, K.  1970.  Commercial development of intermediate moisture 

foods.  Food Technol. 24:889-893. 

Karel, M.  1976.  Technology and application of new intermediate 

moisture foods,  p.4-28.  In R. Davis, G.G. Birch and K.J. 

Parker (ed.), Intermediate Moisture Foods.  Applied Sci. Publ., 

Ltd. London. 

Labuza, T.P., A.E. Sloan, K. Acott, and H.C. Warmbier.  1974. 

Intermediate moisture foods: Chemical and nutrient stability. 

p.546-557.  In Proceedings International Congress Food 

Science and Technology, Madrid, Spain. 

Labuza, T.P.  1984.  Moisture Sorption: Practical Aspects of Isotherm 

Measurement and Use, p. 27-30.  American Association of Cereal 

Chemists, St. Paul, MN. 

Lee, R.Y., G.J. Silverman, and D.T. Munsey.  1981.  Growth and 

enterotoxin A production by Staphylococcus aureus  in 

precooked bacon in the intermediate moisture range.  J. Food Sci. 

46:1687-1700. 



65 

Ledward, D.A.  1982.  Intermediate moisture meats,  p.159-187. 

2In R. Laurie (ed.), Developments in Meat Science.  Applied 

Science Publ. Ltd., England. 

Leistner, L., and W. Rodel.  1975.  The significance of water 

ctivity for microorganisms in meats,  p.309-325. In  R.B. 

Duckworth (ed.), Water Relations of Food.  Academic Press, 

London. 

Leistner, L., and W. Rodel.  1976.  The stability of intermediate 

moisture foods with respect to microorganisms, p. 121-137. 

In  R. Davies, G.G. Birth, andK.J. Parker (eds.), 

Intermediate Moisture Foods.  Applied Science Publ. Ltd., London. 

Leistner, L., W. Rodel, and K. Krispien.  1981.  Microbiology of meat 

and meat products in high and intermediate moisture ranges. 

p.855-916.  In L.B. Rockland and G.F. Stewart, (eds.), Water 

Activity: Influence on Food Quality.  Academic Press, London. 

Li, K.Y., and J.A. Torres.  1988.  Prediction of microbial growth in 

liquid model systems exposed to temperature fluctuations. 

J. Food Sci.  Submitted for publication. 

Magrini, R.C., J. Chirife, and J.L. Parada.  1983.  A study of 

Staphyloccocus aureus  growth in model systems and processed 

cheese.  J. Food Sci. 48:882-885. 

Marshall, B.J., D.F. Ohye, and J.H.B. Christian.  1971.  Tolerance of 

bacteria to high concentrations of sodium chloride and glycerol 

in the growth medium.  Appl. Microbiol. 21:363-364. 

Measures, J.C.  1975.  Role of amino acid in osmoregulation of 

non-halophilic bacteria.  Nature 257:398-400. 



66 

Prior, B.A.  1978.  The effect of water activity on the growth and 

respiration of Pseudomonas fluorescens.     Applied Bacteriology 

44:97-106. 

Prior, B.A., C.P. Kenyon, M. van der Veen, and J.P. Mildenhall. 

1987.  Water relations of solute accumulation in Pseudomonas 

fluorescens.     J. Applied Bacteriology. 62:119-128. 

Scott, W.J. 1953.  Water relations of Staphylococcus aureus  at 

30oC.  Australian J. Beef Sci. 6:549-564. 

Sperber, N.H.  1983.  Influence of water activity on foodborne 

bacteria - a review.  J. Food Prot. 46:142-150. 

Theron, D.P. and B.A. Prior.  1980.  Effect of water activity and 

temperature on Staphylococcus aureus  growth and 

thermonuclease production in smoked snoek.  J. Food Prot. 

43:370. 

Troller, J.A.  1971.  Effect of water activity on enterotoxin B 

production and growth of Staphylococcus aureus.     Appl. 

Microbiol. 21:435-441. 

Vaamonde, G., J. Chirife, and O.C. Scorza.  1982.  An examination of 

the minimal water activity for Staphylococcus aureus  ATCC 

6538P growth in laboratory media adjusted with less conventional 

solutes.  J. Food Science 47:1259-1262. 

Vandenberg, C., and S. Bruin.  1981.  Water activity and its 

estimation in food systems: theoretical aspects,  p.1-61.  In 

L.B. Rockland and G. F.Stewart, Water Activity: Influences on 

Food Quality.  Academic Press, Inc., New York. 



67 

EFFECT OF TEMPERATURE ON THE GROWTH MINIMUM WATER ACTIVITY 

AND TEMPERATURE CHARACTERISTIC OF 

MESOPHILES AND PSYCHROTROPHS 

Ken-Yuon Li and J. Antonio Torres 



68 

ABSTRACT 

The temperature effect on the temperature characteristic (energy 

of activation) and the minimum water activity (aw) for the growth 

of two psychrotrophs (P. fluorescens  and B.   thermosphacta) 

and three mesophiles (Salmonella  typhimurium,  Streptococcus 

faecalis  and Staphylococcus aureus)  have been analyzed. 

Experimental data show that the minimum aw of mesophiles is higher 

than that of psychrotrophs and more sensitive to temperature 

changes.  They also show that the minimum growth a^ is affected by 

the aw-controlling solute. 

The temperature characteristic of psychrotrophs was significantly 

lower than that of mesophiles.  This observation suggests a strong 

synergistic effect of low temperature and reduced a^ on the growth 

of mesophiles.  The effect of aw on the temperature characteristic 

depends on the a^-controlling solute.  For a given a^^ reduction 

the temperature effect order is glycerol<NaCl<sucrose. 
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INTRODUCTION 

The development of refrigerated intermediate moisture foods 

(RIMF) combining the effects of refrigeration temperature and reduced 

water activity (a^) has recently received increased attention 

(Corlett Jr., 1988; El-Hag, 1988; Mory, 1988).  The a^, of RIMF is 

in the 0.90-0.95 range (Farber, 1985).  Products with this aw 

should not be affected by short temperature abuse periods.  The 

stability analysis of these products should include microbial 

challenge studies with a spoilage indicator selected on the basis of 

a^ and potential temperature abuse considerations. 

Early work by Scott (1953) suggested that the biological response 

to a particular aw level was largely independent of the type of 

solutes and the total moisture content of the substrate.  Later 

studies have shown that the nature of the solute molecule is quite 

important in determining the effect on microbial growth of a given 

aw level.  For example, Calhoun and Frazier (1966) compared the 

effects of glucose and NaCl (at equivalent a^) on the growth of 

Escherichia coli,  Pseudomonas fluorescens  and Staphylococcus 

aureus.     These two solutes had the same effect on the growth of 

S. aureus, but NaCl inhibited the growth of P.   fluorescens 

more than glucose.  Marshall eC al.   (Marshall et al.,   1971) 

compared the inhibitory effects of NaCl and glycerol on 16 strains of 

bacteria.  Only three species responded identically to both solutes. 

When compared at similar aw levels, glycerol was more inhibitory 

than NaCl to relatively salt-tolerant bacteria and less inhibitory 
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than NaCl to salt-sensitive species.  These observations clearly 

illustrate the solute effect on microbial growth. 

In general, solutes can be divided into two groups.  The first 

group include solutes that readily permeate the cell and do not 

elicit an osmoregulatory response (Measures, 1975; Sperber, 1983). 

These compatible solutes include glycerol, glutamate (Measures, 

1975), sorbitol (Prior et al.,   1987), glucose and arabinose 

(Roller and Anagnostopoulos, 1982).  Another group are solutes which 

are incapable of penetrating a cell in large amounts, or more 

strictly defined, those whose uptake inhibits saturation kinetics, 

causes plasmolysis and induces an osmoregulatory response.  The 

latter group includes most salts and sugars (Gould and Measures, 

1977) and in general they cause a more significant extension of 

microbial growth lag phase (Li and Torres, 1988).  Since the 

characteristics of a combination of solutes affects the microbial 

growth response, the formulation of any new intermediate moisture 

food requires experimental work to determine its microbial stability. 

In the instance of refrigerated foods the most important spoilage 

microorganisms are psychrotrophs.  Although molds and yeasts are more 

tolerant of a reduced aw than these bacteria, the addition of 

legally acceptable fungistatic substances can inhibit their growth. 

In the particular case of refrigerated meat and processed meat 

products, Pseudomonas fluorescens  and Brochothrix 

thennosphacta are two. microorganisms commonly associated with their 

spoilage. Under aerobic conditions and chill temperatures (2-20oC) 

pseudomonads grow faster than other species and become predominant in 
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the spoilage microflora (Gill and Newton, 1977; Gill and Newton, 

1980). P.   fluorescens  is often found in this mixed population. 

The minimum a^^ for the growth of this bacterium is around 

0.934-0.954, depending upon the ^-controlling solute (Li and 

Torres, 1988). B.   thermosphacta  has also been frequently 

isolated from various fresh meats and processed meat products.  The 

importance of this bacterium in meat spoilage has been confirmed 

(Dowdell and Board, 1971, especially in the spoilage of vacuum-packed 

meats and meat products (Miller, 1961; Shay et al., 1978).  The 

minimum growth aw for this bacteria is approximately 0.931-0.953, 

depending upon the a^controlling solute (Li and Torres, 1988). 

During temperature abuse, mesophiles may proliferate and dominate 

the spoilage flora of refrigerated intermediate moisture foods. 

Particularly important are Staphylococcus aureus,  Salmonella 

typhimurium and Streptococcus faecalis.  Although S. aureus is 

normally not a good competitor in high moisture foods containing a 

mixed flora, it can be in a low a,^ environment where the growth of 

most competitive microorganisms has been restricted (Lee et al., 

1981).  This bacterium can usually grow down to aw ~  0.83-0.84 

and produces toxin down to a,^ » 0.86 (Tatini, 1973; Troller, 

1973).  However, this bacterium does not grow below 6.50C (Inger, 

1983). 

Salmonella species have been the subject of much research because 

of their pathogenicity.  The most common food vehicles of Salmonella 

species, i.e. egg, poultry, meat and meat by-products (Jay, 1978), 

are often ingredients of intermediate moisture foods (IMF).  Although 
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the a^j of an IMF does not permit salmonella multiplication, it may 

allow cells to survive for an extended period (Goepfert et al., 

1968).     According to published figures from England and Wales, 

approximately 80% of all food poisoning cases of bacterial origin are 

caused by salmonella and about one-third of these are due to S. 

typhimurium  (Corry, 1976; Gilbert, 1983).  This bacterium can grow 

readily in beef at 6 and 10 0C (Catsaras, 1981). 

S. faecalis  grows well at aw above 0.94 (Hass and Herman, 

1978) and thus can grow in inadequately protected RIMFs.  Since S. 

faecalis  survives low a^ environments better than E.   coli, 

some food microbiologlsts suggest the use of enterococci rather than 

coliforms as an index of sanitation (Uzelar and Stille, 1977). 

Temperature abuse is a main concern of the refrigerated food 

industry (Corlett Jr, 1988; Mory, 1988).  Temperature increases 

accelerate the proliferation of the spoilage microflora (Jay, 1978) . 

Unfortunately, little information is available on the minimum a^ 

for microbial growth at refrigeration and temperature abuse 

conditions (2-20oC).  This knowledge would help in the selection of 

a a^  value (critical aw) such that shelf-life would remain more 

acceptable even after a temperature abuse episode. 

The shelf-life reduction caused by temperature abuse depends on 

the temperature characteristic of the potential spoilage bacteria. 

The term temperature characteristic represents the microbial growth 

activation energy derived from the Arrhenius equation and has been 

shown to be an adequate parameter to describe the growth-temperature 

relationship of bacteria (Dean, and Hinchelwood, 1966; Reichardt and 



73 

Morita, 1982; Stannard et al.,   1985).  This parameter describes 

the susceptibility of a food product to microbial spoilage caused by 

temperature abuse. 

This study examines the effect of temperature (4-260C) on the 

critical aw for the growth of P.   fluorescens,  B.   thermosphacta, 

S.   aureus,   S.   typhimirium  and S.  faecalis  in liquid media with 

a^ controlled by NaCl, glycerol or sucrose.  The temperature 

characteristics of these bacteria were also calculated.  This 

information will serve to help formulate RIMFS, and combined with 

mathematical models, it could also be used to predict the microbial 

shelf-life of RIMFS, particularly, the effect of temperature abuse. 
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MATERIALS AND METHOD 

Cultures 

Brochothrix Chermosphacta   (ATCC 12706), Pseudomonas 

fluorescens   (ATCC 17400), Streptococcus faecalis   (ATCC 7080), 

Salmonella  typhimurium  (ATCC 13311) and Staphylococcus aureus 

(ATCC 13566) were obtained from the American Type Culture 

Collection (Rockville, MD).  The inoculum for the growth studies were 

prepared by transferring a loopful of culture from a nutrient broth 

or brain heart infusion slant to the corresponding broth (Difco, 

Detroit, MI). 

Media 

Brain heart infusion (pH 7.4 + 0.2 at 250C) was the media for 

the growth studies of B.   thermosphacta  and S. faecalis. 

Nutrient broth (pH 6.8 + 0.2 at 250C) was used for S. 

typhimurium,  S.  aureus  and P.   fluorescens.  Media were 

autoclaved for 15 minutes at 1210C (15 psi). 

Measurement and adjustment of a^ 

The aw of media was adjusted by using different concentrations 

of glycerol, sodium chloride or sucrose.  After sterilization the 

aw was measured at the incubation temperature using a Hygroline 

Sensor Assembly (Model EBS, Beckman, Inc., Cedar Grove, NJ) attached 

to an electric hygrometer recorder (Model VFB2, Beckman Industrial, 

Inc.).  The reproducibility of this instrument is + 0.1%, (Beckman 
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Industrial. Inc.).  Experimental data is reported with a 0.001 aw 

units precision.  In the case of a^ conditions leading to long 

phases and slow growth rate, the a^ was also measured at the end of 

the experiment. 

Growth studies 

Erlenmeneyer side-arm flasks containing 30 ml medium were 

inoculated with the test cultures (0.1 ml/flask) in the mid 

Q 
exponential phase of growth (10 CFU/ml).  The flasks were 

incubated at various incubation temperatures on an orbital shaker 

(120 rev/min).  Growth rate was determined by measuring optical 

density of the media at 600 nm using a Spectronic 20 

spectrophotometer (Bausch and Lomb, Rochester, NY). 
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RESULTS AND DISCUSSION 

Temperature effect on the minimum aw for growth 

Figs. 111.(1-3) show linear correlations of the minimum a^^ as a 

function of temperature for the growth of all test microorganisms 

examined in this study.  First, these figures show that there is a 

significant solute effect on the minimum aw.  Second, a comparison 

of the slopes of the minimum aw for growth data for mesophiles and 

that for psychrotrophs show that they are significantly different. 

This observation suggests that the osmoregulatory mechanism (Gould 

and Measures, 1977) of mesophiles is more sensitive to temperature 

than that of psychrotrophs.  At refrigeration temperature the minimum 

aw for the growth of mesophiles is higher than that of 

psychrotrophs. With respect to psychrotrophs, the minimum a^^ for 

B.   thermosphacta  was lower than that for P. fluorescens  when 

glycerol or NaCl were used as the a^-controlling solute Figs. 

111.(1-2).  In the case of sucrose, the minimum a^ for these two 

microorganisms is similar (Fig. III.3). 

In Fig. III.l, the minimum a^  for the growth of S. aureus 

in media with NaCl as the controlling solute increases dramatically 

when the temperature changes from 26 to 120C.  The minimum a^ at 

120C and 260C are 0.926 and 0.873, respectively.  This large 

difference reflects the synergistic effect of refrigeration 

temperature and reduced a^ on the growth of S. aureus.  Similar 

results are observed for S. faecalis  and S. typhimurium.     On 

the other hand, the minimum a^^ for the growth of psychrotrophs was 
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only slightly affected by temperature.  However, other growth 

parameters such as maximum cell density (OD^QQ), specific growth 

rate and lag time were significantly affected by temperature 

(Fig. III.4). 

P.  fluorescens  was incubated at 4, 8, 16 and 260C in media 

with 25% and 27.5% glycerol, i.e. aw - 0.947 and aw = 0.943, 

respectively (Fig. III.4).  At a^, - 0.947 and 260C (Fig. 111.4a), 

the growth of P.   fluorescens  is inhibited immediately after the 

growth reached only 0.02 OD^QQ units.  At 160C there is less 

growth inhibition.  At 8 and 4C>C, the maximum growth density 

reached only 0.06 and 0.05 0D6QQ units (ca. 8.0 and 6.0 x 107 

CFU/ml, respectively) which is only 1/20 of the growth observed in 

control flasks (nutrient broth without added glycerol).  At a^  = 

0.943 no growth was detected at 260C and only slight growth was 

observed at 16, 8 and 40C (Fig. III.4b). 

Application of the Arrhenius model 

Growth rate information in media with a^  controlled by NaCl, 

glycerol or sucrose and incubated at various temperatures (4-260C) 

was used to construct Arrhenius plots for the growth of B. 

thermosphacta,  P.   fluorescens,   S.   faecalis,   S.   salmonella  and S. 

aureus  (Fig. III.5-9).  In general, the growth rate of 

psychrotrophs fits the Arrhenius model better than mesophiles which 

in some cases show substantial deviations from the expected linear 

behavior.  The linearity of the Arrhenius plot is a matter of dispute 

as several authors have obtained conflicting results (Ingraham, 
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1958).  Ingraham (1958) and Janota-Bassalik (1963) have obtained 

straight lines but some authors have observed curved plots (Ward and 

Cockson, 1972), while others obtained plots with two linear portions 

intersecting at a 'critical temperature' (Mohr and Krawier, 1980). 

It should be noted that the Arrhenius model was developed for 

elementary reactions.  Thus it is not surprising that it does not 

always describe the effect of temperature on the growth of bacteria 

which is a complex biological process involving chemical reactions 

with a variety of substrates and enzymes (Mohr and Krawier, 1980). 

The slope of the Arrhenius plot is used to calculate an energy of 

activation.  In the case of microbial growth some authors prefer the 

term "temperature characteristic" (Mohr and Krawier, 1980; Reichardt 

and Morita, 1982).  Reichardt and Morita (1982) have observed that 

this parameter is affected more by growth conditions and substrate 

availability than by the temperature range of interest. 

The temperature characteristic of all microorganisms included in 

this study is listed in Table III.l and shows that the values for 

psychrotrophs are significantly lower than those for mesophiles. 

This result is consistent with values published by Ingraham 

(Ingraham, 1958) and Mohr et al.   (1980).  Second, the temperature 

characteristic values shown in Table III.l reflect the synergistic 

effect of lower temperature and reduced a^  As a^ decreases, the 

temperature characteristic increases which means that more energy is 

required to overcome the growth barrier caused by low temperatures 

and reduced aw conditions. Third, when glycerol is used as the 

a^-controlling solute the effect of aw reduction on the 
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temperature characteristic is less pronounced as compared to NaCl or 

sucrose.  For example, the temperature characteristic of B. 

thermosphacta in NaCl media  is 11,721 at aw=0.970 and 14825 at 

aw=0.950, i.e. a difference of about 3,000.  However, using 

glycerol to control the a^ at the same two levels, the difference 

is only about 1000 and in the case of sucrose the difference is more 

than 6000.  This observation is also observed with other test 

microorganisms.  This is another example of a solute effect on the 

microbial growth-a^ relationships. 
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CONCLUSIONS 

The determination in the 4-260C temperature range of the 

minimum a^^ for the growth of the five microorganisms included in 

this study suggests that B.   thermosphacta  is a good indicator to 

test the microbial spoilage potential of refrigerated intermediate 

moisture foods. 

The temperature characteristic was found to be a useful parameter 

to quantify the effect of temperature on microbial growth.  This 

parameter also showed that it is not possible to ignore solute 

effects.  The solute effect seems to be related to the physiological 

difference in the microbial response to a^ reduction which depends 

upon the solute that controls the aw.  The temperature 

characteristic and minimum aw for the growth of mesophiles was more 

temperature-sensitive than the values for psychrotrophs. 

Psyschrotrophs can adjust the fatty acid composition of the cell 

membrane to retain its fluidity when temperature is lowered (Joyce 

et al., 1970; Gill, 1975).  The difference might also be related 

to the inability of mesophiles to synthesize certain proteins at low 

temperature (Broeze et al.,   1978). 
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Table III.l. Temperature characteristics of B. thermosphacta, 

P. fluorescens, S. typhimurium, S. faecalls, and 

S. aureus  at various aw levels. 

 Water activity (solute: glvcerol) 

Strain 0.980 0.975 0.970 0.965 0.960 0.955 0.950 

B.thermosphacta       13326 13483 13684 13962 14352 

P.fluorescens      13690 13577 13434 13243 12985    

S.typhimurium  29220 30746 33174 37822    

S.faecalls    31456  31782 32225 32855  33872 

S.aureus        ---  31851 32861 34241 36262 39588 46680 

Water activity (solute: NaCl) 

Strain 0.980 0.975 0.970 0.965 0.960 0.955 0.950 

B.thermosphacta      11721 12092 12571 13346 14825 

P.fluorescens  15450 15615 15844 16007 16702    

S.typhimurium  27319 29757 34160 46207   

S.faecalls             29601 31557 34774 41510   

S.aureus          24920 25693 26621 27764 29212 

 Water activity (solute: sucrose) 

Strain 0.980 0.975 0.970 0.965 0.960 0.955 0.950 

B.thermosphacta  8806 9084 9499 10143 11540 15739 

P.fluorescens  13702 14173 14819 15756 17265    

S.typhimurium  21266 23983 34689 50294    

S.faecalls 26939 28123 29928 32743 38784    

S.aureus        --- 23768 25203 27178 30128 35233 46680 
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Fig. III.l   Effect of temperature on the minimum aw for 

growth in liquid media with a^^ controlled 

by NaCl. 

o, B.   thermosphacta;   A, P. fluorescens; 

D, S. faecalis;  +,  S.   typhimurium;  o, 

S. aureus. 
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Fig. III.2   Effect of temperature on the minimum a^^ for 

growth in liquid media with aw controlled 

by glycerol. 

o, B.   thermosphacta;   A, P. fluorescens; 

□, S. faecalis;  +, S. typhimurium; 0, 

S.   aureus. 
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Fig. III.3   Effect of temperature on the minimum a^^ for 

growth in liquid media with aw controlled 

by sucrose. 

o, B.   thermosphacta;   A, P. fluorescens; 

D, S. faecalis;  +, S. typhimurium;   0, 

S.  aureus. 
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Fig. III.4   Effect of temperature on the growth of P. 

fluorescens 

a. a^ - 0.947; b. aw = 0.943. 
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Fig. III.5   Arrhenius plots for the specific growth rate of 

B.   thermosphacta  in liquid media with aw 

controlled by various solutes. 

a. NaCl; b. glycerol; c. sucrose. 
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Fig. III.6   Arrhenius plots for the growth rate of 

P. fluorescens in liquid media with a^ 

controlled by various solutes. 

a. NaCl; b. glycerol; c. sucrose. 
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Fig. III.7   Arrhenius plots for the growth rate of 

S. faecalis  in liquid media with a,^ 

controlled by various solutes. 

a. NaCl; b. glycerol; c. sucrose. 
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Fig. III.8   Arrhenius plots for the growth rate of 

S. typhimurium  in liquid media with a^ 

controlled by various solutes. 

a. NaCl; b. glycerol; c. sucrose. 
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Fig. III.9   Arrhenius plots for the growth rate of 

S.   aureus  in liquid media with ^ 

controlled by various solutes, 

a. NaCl; b. glycerol; c. sucrose. 
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ABSTRACT 

The comparison of three microbial growth rate-temperature models 

(linear, square root and Arrhenius) showed that no universal model is 

valid for all growth conditions.  However, at low aw and in the 

refrigeration temperature range, the linear model served as an 

appropriate model for the two psychrotrophs examined in this study. 

A linear relationship between lag phase and the inverse of the 

specific growth rate was observed for the growth of B. 

thermosphacta  and P. fluorescens.  This relationship is more 

valid (higher R -values) when the environmental aw is closer to 

the minimum growth level.  This facilitated microbial growth 

predictions in liquid model systems that simulated refrigerated 

intermediate moisture foods (RIMFS).  Regression equations on the 

basis of this relationship were used to predict lag time.  In the 

case of B.   thermosphacta  growing in media with 3% (a^ = 0.968), 

6% (aw = 0.950) and 9% NaCl (aw - 0.944) the R
2 values were 

0.865, 0.946 and 0.994, respectively.  In the instance of media with 

8% (aw = 0.973) and 20% (aw - 0.948) glycerol the R
2 values 

were 0.998 and 0.999, respectively.  In the case of P. 

fluorescens  growing in media with NaCl (3 or 4%) or glycerol (10 or 

o 
20%) the R -values were greater than 0.99. 

The definition of a cumulative growth adaptation function and the 

above described models were used to predict the growth of 

B.   thermosphacta  at fluctuating temperatures and low a^ (ca. 

0.94).  The results were acceptable at a 95% confidence level. 
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INTRODUCTION 

Temperature plays a major role in food microbial stability.  In 

the case of refrigerated foods temperature is not always constant as 

the chain of food handling is extended from producer to consumer. 

Thus, their microbial stability is largely determined at any given 

time by the cumulative effect of fluctuating temperature throughout 

the previous handling history of the product.  This temperature 

fluctuation effect on microbial stability should be studied 

quantitatively by computer supported mathematical-modeling 

techniques.  These techniques could then be used to evaluate the 

effectiveness of measures to control and prevent temperature abuse. 

There are two methods to approach the prediction of the effect of 

fluctuating temperature on microbial growth.  The first approach was 

reported by Power et al.   (Power et al., 1965) who predicted 

growth rate by multiplying the growth rate at the mean temperature by 

a fluctuation coefficient which was derived from the Q10 value 

(defined as the ratio of growth rate at (T+10oC) over the growth 

rate at T0C).  However, the actual and predicted rates did not 

correlate well.  The inaccuracy was attributed to the variation in 

Q10 which sometimes remains constant only for relatively narrow 

temperature ranges.  In addition, the average growth rate data of 

Power et al.,   (1965) included both the lag and the exponential 

phase which usually do not change to the same extent with temperature 

(Li and Torres, 1988). 
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The second approach was illustrated by Broughhall et al. 

(Broughall et al.,   1983) who used non-linear Arrhenius regression 

models (Eq. 1) to predict separately lag time and generation time. 

P,25}*(T/298)*exp{(H /R)*(l/298 - 1/T)} 
(1) 

1/K "       1 + exp{(HJ!/R)*(l/Ti/2-l/T)} 

R    =  universal gas constant 

K    =  generation or lag time 

^(25) °°  growth rate or lag time at 250C 

T    —  absolute temperature 

Ha   -  constant describing the enthalpy of activation for 

microbial growth 

H^   -  constant describing the enthalpy of growth 

inactivation caused by lowering temperature 

Ti/2   = the temperature for 50% growth rate reduction 

caused by lowering temperature 

The solution of the Verhulst differential equation (Eq.2) was 

then used to calculate the extent of microbial growth (Schoolfield 

et al.,   1981).  These workers found that the prediction of lag 

time was not as accurate as that for generation time.  They 

hypothesized that the lag phase is not a uniform physiological 

process and thus cannot be accurately described by an Arrhenius 

equation. 

N =  b         (2) 

1 +[(b - N0)/N0]exp{[- 0.693(t - L)]/K} 
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N = cell concentration at time t 

N =■ initial population 

b = maximum cell population achievable 

K = generation time at maximum growth rate 

L = lag time 

With respect to the prediction of microbial growth rate there are 

three available models.  First, there is the linear equation of 

Spencer and Baines (1964): 

r - r0(l + cT) (3) 

where: 

r - rate of spoilage at a given temperature T (0C) 

r0 = standard spoilage rate at 0
oC 

c = a constant 

Another approach is the Arrhenius model (Ingraham, 1958): 

r - Ae^/RT (4) 

where: 

r = specific growth rate 

A = constant 

/i =■ temperature characteristic 

R = universal gas constant 

T = absolute temperature 
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A third model is the square root equation (11): 

Tr = b (T - To) (5) 

where: 

r - growth rate 

b = slope of the regression line 

T = hypothetical lowest temperature for growth 

It is important to note that in this latter model 'r' is 

sometimes defined as the reciprocal of a time, t, needed to achieve a 

specific increase in cell numbers.  In this case the lag phase would 

be included in this parameter. 

The linear equation was considered adequate by Spencer and Baines 

(1964) for testing the spoilage of cod over a temperature range of -1 

to 250C, but subsequent studies have since revealed that this 

equation is not appropriate for other foods.  Prediction of the 

spoilage rate of red meat, shellfish and poultry was significantly 

higher than those observed in practice (Pooni and Mead, 1984).  Pooni 

and Mead (1984) suggested that the Arrhenius equation is a more 

adequate one to predict the spoilage rate for fresh foods at 

different temperatures relative to the rate at 0oC.  However, it 

should be noted that the Arrhenius equation was originally derived 

for single chemical reactions to describe the dependence of the 

reaction rate constant on temperature; hence, this equation does not 

always adequately describe the relationship between temperature and 
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the complex biological process of bacterial growth.  Thus, it is not 

surprising that the linearity of Arrhenius plots for microbial growth 

data is a matter of dispute (Stannard, 1985).  For example, although 

Ingraham (1958) and Janota-Bassalik (1963) claim that these plots are 

straight lines, some authors report that they are curved (Pooni and 

Mead, 1984), while others suggest that the plots have two different 

linear portions (Schoolfield et al., 1981). 

Ratkowsky et al.   (1982) have suggested that the relationship 

between temperature and growth is better represented by the square 

root equation, a transformation that gives straight lines with high 

statistical correlation.  Stannard et al.   (1985) compared the 

square root with the Arrhenius equation and found that the square 

root equation was the best model for microbial growth at chill 

temperatures.  Using 28 sets of spoilage data from 14 published 

studies on poultry meat, covering a temperature range of -2 to 

250C, Pooni and Mead (1984) found that the square root model gave 

the best fit. 

McMeekin et al.   (1987) pointed out that the square root 

equation is a special case of the Belehradek temperature function 

(Eq. 6): 

r   = a (T - a)d (6) 

where: 

r   = growth rate 

a   - "biological zero" 

a,d = constants to be fitted for different organisms 
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This equation has been used to model many different biological 

processes.  McMeekin et al.   analyzed the growth of 

Staphylococcus xylosus  in media adjusted to various a^s using 

NaCl and found that a constant d - 2 in Eq.(7) could be used to 

predict the effect of temperature on microbial growth. 

The objective of this report was to determine which of the above 

described models most appropriately predict the effect of temperature 

fluctuations on microbial growth.  Particular attention was given to 

the prediction of lag time.  These models were then evaluated for 

their ability to predict microbial growth at refrigeration 

temperature in liquid model media with aw controlled by various 

solutes.  Subsequent publications will cover solid media models. 
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MATERIALS AND METHOD 

Cultures 

Brochothrix thermosphacta  (ATCC 12706) and Pseudomonas 

fluorescens  (ATCC 17400) were obtained from the American Type 

Culture Collection (Rockville, MD).  The inoculum for the growth 

studies was prepared by transferring a loopful of culture from a 

slant to nutrient broth or brain heart infusion (Difco, Detroit, MI) 

Media 

Brain heart infusion (pH 7.4 + 0.2 at 250C) was the medium for 

the growth of B.   thermosphacta  and nutrient broth (pH 6.8 + 0.2 

at 250C) was used for P. fluorescens.     Media were autoclaved 

for 15 minutes at 1210C (15 psi). 

Measurement and adjustment of a^ 

The a^^ of media was adjusted using different concentrations of 

glycerol, sodium chloride or sucrose.  After sterilization the a^ 

was measured at the incubation temperature using a Hygroline sensor 

assembly (Model EBS, Beckman, Inc., Cedar Grove, NJ) attached to an 

electric hygrometer recorder (Model VFB2, Beckman Industrial, Inc.) 

which was recalibrated every 1-2 weeks.  The reproducibility of this 

instrument is +0.1% (Beckman Industrial, Inc.).  Experimental data is 

reported with a 0.001 a^^ units precision.  In the case of a^ 

conditions leading to long lag phases and slow growth rates, the aw 

was also measured at the end of the experiment. 
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Growth studies at constant and fluctuating temperatures 

Erlenmeyer side-arm flasks containing 30 ml medium were 

inoculated with test microorganisms (0.2 ml) in the late exponential 

phase of growth and the final microbial density was approximately 

10 CFU/ml.  The flasks were incubated at various temperatures on an 

orbital shaker (Model G-33, New Brunswick Scientific Co., Inc., 

Edison, NJ) (120 rev/min).  Growth rate was determined by measuring 

optical density at 600 nm using a spectrophotometer (Spectronic 20, 

Bausch and Lomb, Rochester, NY). 

Fluctuating temperatures (2-14 and 4-12) were achieved by 

transferring flasks between incubators set at various temperatures 

(± 0.5oC). 

Calculations and curve fitting 

All calculations and curve fitting operations were performed on a 
TM 

HP-41C calculator with a STAT PAC statistics programs.  An 

equation for specific growth rate was calculated using data points 

from the exponential phase of growth.  The initial inoculation level 

was then substituted in this equation to calculate the lag time. 

These points were also used in the regression analysis to calculate 

the line of best fit for the linear, Arrhenius and square root 

models.  Goodness of fit was evaluated using the coefficient of 

determination (R2) (Neter et al., 1983). 
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RESULTS AND DISCUSSION 

Effect of temperature on the growth lag phase 

Temperature affects the lag time by influencing the adaptation 

rate of a microorganism to a new environment.  An adaption rate can 

be defined as the reciprocal of lag time (1/L).  For the growth of 

B.   thermosphacta  in media with NaCl as the aw-controlling 

solute The adaptation rate was fitted to an Arrhenius- type equation 

(Fig. IV.1).  At temperatures below 20oC the plots are straight 

lines with R2 values of 0.998, 0.994 and 0.990 in media with 3% 

(aw - 0.968), 6% (a,, - 0.950) and 9% NaCl (aw - 0.944), 

respectively.  Experimental runs with glycerol as the 

a^-controlling solute confirmed this observed behavior, wherein 

R2 - 0.991 and 0.969 for 8% (a,, - 0.973) and 20% glycerol 

(aw = 0.948), respectively. 

Fig. IV.2 shows similar results for P.   fluorescens  and 

confirms that the adaptation rate values fit the Arrhenius model. 

Correlation of lag time and growth rate 

A comparison of lag phase determinations with values ascertained 

from the literature was difficult because few authors have reported 

them.  However, we found an early report by Cooper (1963) who noticed 

that at least in a few examples the ratio of growth to generation 

time was nearly constant.  This suggested that a linear relationship 

might exist between lag time and the reciprocal of the specific 

growth rate.  Fig. IV.3 shows that this was indeed the case for 
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B.   thermosphacta  in media with aw controlled by NaCl (Fig. 

IV.3) or glycerol (Fig. IV.4).  In the case of media with 3% 

(a^, - 0.968), 6% (aw - 0.950) and 9% NaCl (aw = 0.944) the R
2 

values were 0.865, 0.946 and 0.994, respectively.  In the case of 

media with 8% (a,, - 0.973) and 20% (aw = 0.948) glycerol the R
2 

values were 0.998 and 0.999, respectively.  The linear relationship 

was also observed for P. fluorescens  growth in media with NaCl (3 

or 4%) or glycerol (10 or 20%) as the a^^ controlling solute (Fig. 

IV.5).  In general, it was noted that fitting improved as the solute 

concentration was increased.  This should facilitate modelling work 

because microbial growth predictions at reduced ^ conditions have 

more practical value. 

Comparison of growth rate-temperature models 

Three growth rate-temperature models, linear, Arrhenius and 

square root were fitted to the growth of B. thermosphacta  in 

media with 3, 6 or 9% NaCl at 8, 12, 16, 20 and 260C.  R2 values 

listed in Table IV.1 show that the Arrhenius model provided the 

poorest fit.  Similar studies were also done in media with 8, 20, or 

30% glycerol at 4, 8, 16 and 260C.  Again, the Arrhenius model 

showed the poorest fit.  The Arrhenius model also gave the poorest 

fit for the growth of P. fluorescens  in media with 3 or 4% NaCl 

(Table IV.2).  In the case of media with 10, 15, or 20% glycerol the 

best fit was obtained for the square root model with the Arrhenius 

model being slightly better than the linear model.  In summary, the 

experimental results in this study confirm the work by McMeekin and 
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others (McMeekin et al.,   1987; Poonie and Mead, 1984; Ratkowsky 

et al.,   1982) who proposed the use of the square root model. 

However, under these experimental conditions this model proved to be 

only slightly better than the linear model, which has the advantage 

of simplicity.  It is interesting to note that the linear model can 

also be considered a special case of the Belehradek temperature 

function with d = 1 (Eq.5). 

McMeekin et al.   (1987) reported that the square root model 

fit the growth-temperature relationship of S.  xylosus  quite well 

and that the Belehradek exponent was not affected by changing NaCl 

concentrations.  In this study, the best fit d-values for the growth 

of B.   thermosphacta  in media adjusted with NaCl to aw values of 

0.968, 0.950 and 0.944 were 2, 1.4 and 1, respectively.  This result 

suggests that the exponent d is a function of the medium and that its 

value is an important parameter to describe the temperature effect on 

growth.  On the other hand, in the case of S. xylosus, the 

mesophilic bacterium, the temperature exponent was not affected by 

NaCl concentration (McMeekin et al.,   1987).  This observation 

might reflect a different response of mesophiles and psychrotrophs to 

the combined effect of temperature and a^ (or NaCl concentration). 

Prediction of microbial growth at fluctuating temperature 

The ability to use mathematical models to predict microbial 

growth in controlled a^^ media under the fluctuating temperature 

conditions that prevail in commercial distribution will facilitate 

the development of refrigerated foods with reduced a^  As an 
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example, let us assume that we are interested in a refrigerated 

product and that B.   thermosphacta  is an adequate microbial 

spoilage indicator.  The minimum a^^ for this bacterium in brain 

heart infusion broth at 40C is 0.942 (NaCl as controlling solute). 

At temperatures above 40C, this microorganism will be able to grow 

at increasingly higher rates (Li and Torres, 1988). 

As suggested by Schoolfield et al.   (Schoolfield et al., 

1981), it is necessary to predict the lag time and growth rate 

separately, since these two phases have different temperature 

responses.  In the case of B.   thermosphacta  growth in media with 

a^ — 0.944 (9% NaCl), the growth lag duration can be predicted by 

the regression equation of the specific growth rate reciprocal (1/r) 

vs. lag time (L) shown in Fig. IV.3.  The specific growth rate can be 

predicted by the linear regression equation of the growth-temperature 

relationship shown in Fig. IV.6.  Goodness of fit for these two 

models (Table IV.3) show that they are appropriate to describe the 

growth rate-temperature and the lag-growth rate relationships.  The 

total lag time (0t) under fluctuating temperature conditions 

can be calculated as follows: 

<f>    -     adaptation fraction 

(<f> ■=■  0 for no adaptation; 

<j>  = 1, lag adaptation completed) 

L^ = lag time at temperature T^; 

0£ = incubation time at temperature T^ 

(9^)(1/Lj) = adaptation fraction completed 

during the incubation time d* 
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The lag adaptation will be complete when (0-^/1^) + 

(62/1-2)  + + ^n/^ = 1-     After time 9t  = 

Y^i'   t^16 microorganism begins to grow exponentially and cell 

numbers can be calculated using the Verhulst equation (Eq. 2). 

Fig. IV.6 shows an example of experimental and predicted values 

for the growth of B.   thermosphacta  at fluctuating temperatures, 

(12h at 40C and 12h at 120C).  In this particular experimental 

run and prediction attempt, a^^ was controlled at 0.944 (9% NaCl) 

which is slightly above the critical a,^ at 40C.  Experimental 

values fall within the prediction interval at the 95% confidence 

level until the growth curve reaches the stationary phase.  This 

agreement between observed and predicted values is not surprising 

because the slope of each of the fluctuating temperature segments 

seems to be the same as the corresponding constant temperature 

experiment (4 or 120C, Fig. IV.6).  This observation indicates that 

the temperature shift did not cause a growth lag and is consistent 

with the experimental data reported by Nielsen et al.   (Nielsen 

and Zeuthen, 1986). 

Fig. IV.7 shows a second example of temperature fluctuation 

experiment (24h at 20C and 24h at 140C).  The microorganism was 

B.   thermosphacta  grown in BHI with aw 0.938 (10% NaCl).  At 

this aw level, there is no growth at 20C.  The experimental data 

indicates that when the temperature was shifted to 140C the growth 

rate seems to be identical to that at constant 140C.  In this case, 

however, it seems that there was quite a short period of adaptation 

time.  However, the microbial growth prediction was still valid at a 
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95% confidence level when this short lag phase was ignored. 

Both examples show that the lag time was accurately predicted by 

the microbial growth model.  This observation shows that the 

definition of a temperature-dependent function to accumulate 

microbial adaptation to the medium can be used to predict growth lag 

at fluctuating temperatures. 

Figs. IV.(6-7) demonstrate that the microbial growth under 

fluctuating temperatures was faster than at the growth observed mean 

temperature.  This implies that it would not be appropriate to 

predict microbial spoilage under fluctuating temperatures while using 

growth rate information obtained at a mean temperature. 
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CONCLUSIONS 

The linear relationship between growth lag and the inverse of the 

specific growth rate suggested by Cooper (1963) was confirmed by this 

study to be valid for the growth of B.   thermosphacta  and P. 

fluorescens  at various temperatures and aw.  The coefficient of 

correlation increased when the environmental e^  was closer to the 

minimum growth aw. 

The analysis of several available mathematical models of 

bacterial growth rate indicates that it is unlikely that a single 

mathematical model would be able to predict the growth of all 

microorganisms at any given temperature and medium composition. 

Currently, the Belehradek function with variable d-value seems to be 

the best approach available.  An important feature of this equation 

is that it has a theoretical interpretation and in some cases it 

leads to a simple linear expression (d = 1).  This was the situation 

in this study of B.   thermosphacta  growth in low a^  media. 

Finally, it should be emphasized that the separate prediction of lag 

time and growth rate appear to be the best strategy for predicting 

microbial spoilage.  This approach can be combined with the 

definition of a cumulative lag adaptation function to analyze the 

effect of temperature fluctuation on the microbial stability of 

foods. 
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Table IV.1.   Comparison of growth rate-temperature models for 

the growth of B.   thermosphacta  and 

P.   fluorescens  in liquid media 

Strain     solute  % w/w 
(Temp, range) 

Arrhenius 
Model 
square root linear 

B.thermosphacta 

NaCl 
(26-8) 

3% 0.968 
6% 0.950 
9%  0.944 

0.979 
0.982 
0.913 

0.987 
0.994 
0.930 

0.955 
0.990 
0.951 

glycerol 8%  0.973    0.981 
(26-4)  20% 0.948    0.959 

30% 0.933    0.965 

1.000 
0.995 
0.989 

0.986 
0.996 
0.990 

P.fluorescens 

NaCl 
(26-4) 

3% 
4% 

0.979 
0.970 

0.937 
0.951 

0.977 
0.993 

0.997 
0.993 

glycerol 10% 0.979    0.992 
(26-4)  15% 0.964    0.991 

20% 0.955    0.955 

1.0 
0.998 
0.997 

0.982 
0.985 
0.976 
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Table IV.2.   Goodness of fit for growth rate and lag time 

models to predict the growth of B. 

thermosphacta  in low aw liquid media (5) 

Model F ratio Confidence level 

specific growth rate 

(r =0.0069+0.0035 T) 

lag time 

(L - 3.01(l/r)-28.97) 

0.989 

0.994 

178.18 

521.17 

>0.99c 

>0.999l 

Fl,2.0.99 " 98-5 

Fl,3.0.999 = 167-0 
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Fig. IV.1    Arrhenius plots for the lag adaptation rate for the 

growth of B.   thermosphacta  in liquid media with 

aw controlled by various solutes. 
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Fig. IV.2    Arrhenius plots for the lag adaptation rate for the 

growth of P. fluorescens  in liquid media with a^ 

controlled by various solutes. 
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Fig. IV.3    Correlation of lag time and specific growth rate for 

the growth of B.   thermosphacta  in liquid media with 

NaCl controlling a^ at different levels. 
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Fig. IV.4    Correlation of lag time and specific growth rate for 

the growth of B.   thermosphacta  in liquid media with 

glycerol controlling a^^ at different levels. 
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Fig. IV.5    Correlation of lag time and specific growth rate for 

the growth of P.  fluorescens  in liquid media with 

NaCl or glycerol controlling a^ at different levels. 
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Fig. IV.6    Analysis of the growth of B.   thermosphacta  in 

liquid media exposed to temperature fluctuations at 

a^ = 0.944 (9% NaCl). 

o, constant 120C; 

D, constant 40C; 

+, constant 80C; 

A, fluctuating temperature 

(12h at 40CI 12h at 12
0C). 

, 95% confidence interval 

-, predicted growth curve 
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Fig. IV.7    Analysis of the growth of B.   thermosphacta  in 

liquid media exposed to temperature fluctuations at 

aw = 0.938 (10% NaCl). 

o, constant 140C; 

□, constant 80C; 

A, fluctuating temperature 

(24 h at 20C, 24 h at 140C). 

, 95% confidence interval 

-, predicted growth curve 
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FUTURE STUDIES 

These model studies have shown that it is possible and simple to 

develop a predictive model to assess microbial growth in liquid media 

under fluctuating temperature conditions controlled in the 

laboratory.  However, predicting the effect of the temperature 

variation in the real world is more complicated than in the 

laboratory.  Therefore, future studies will introduce heat transfer 

considerations into the shelf-life prediction model to allow the 

determination of the temperature distribution within a food. 

Furthermore, it is possible to dampen the effect of temperature 

fluctuations by selecting a packaging material with insulating 

properties.  This thermal protection would extend the shelf-life of 

the product.  The extension could be quantified by the model and used 

in cost-benefit analysis studies. 

In a food system the temperature distribution in the food not 

only affects microbial growth rate but also determines the type of 

microflora.  The oxygen concentration in the food also affects 

microbial ecology.  On the surface, aerobic bacteria might dominate 

whereas beneath the surface facultative or anaerobic bacteria might 

be more important.  Thus, it might be necessary to include the effect 

of the oxygen distribution in the prediction model and distinguish 

between surface and bulk growth conditions. 

Spoilage by yeasts and molds were not considered in this study 

but will be included in future studies. 
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This study did not consider microbial interactions which may not 

be possible to ignore for exact predictions.  Future studies will 

examine this question.  At the very least the model will predict 

qualitatively the effect of product development decisions such as 

packaging material properties, water activity range, and temperature 

control during product distribution. 
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