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Abstract 

The combined effect of temperature (l-20°C) pH (4.557.2) and acetic acid (O-10000 
mg/l; model 1) or lactic acid (O-20000 mg/l; model 2) on growth of Listeria monocytogenes 
in laboratory media was studied. Growth curves at various combinations of temperature, pH 
and acid concentration were fitted by the model of Baranyi and Roberts (1994) and specific 
growth rates derived from the curve fit were modelled. Predictions of growth from the 
models were compared with data in the literature, and this showed the models to be suitable 

for use in predicting growth of L. monocytogenes in a range of foods including meat, poultry, 
fish, egg and milk and dairy products. The two models are compatible, i.e. they give similar 
predictions for cases when no acid is present. 
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1. Introduction 

Listeria monocytogenes is well established as a foodborne pathogen that causes 
listeriosis, a disease with a high mortality rate. It is tolerant of acidic conditions and 
low temperature, and is of particular concern in minimally processed foods that rely 
on refrigeration for preservation. Foods implicated in listeriosis outbreaks include 
coleslaw (Schlech et al., 1983) milk (Fleming et al., 1985) soft cheeses (James et al., 
1985; Bille and Glauser, 1988) and most recently pork tongues in aspic (Jacquet et 
al., 1995), pork rillettes (Anonymous, 1993) and brie cheese (Goulet et al., 1995). 

Much has been published on the limiting temperature and pH for growth of L. 
monocytogenes (Conner et al., 1986; George et al., 1988; Parish and Higgins, 1989; 
Farber et al., 1989; Sorrells et al., 1989), and some researchers have studied the 
effect of either lactic and acetic acids in combination with temperature and pH 
(Ahamad and Marth, 1989; Farber et al., 1989; Sorrells et al., 1989; Sorrells and 
Enigl, 1990; Conner et al., 1990; Young and Foegeding, 1993). In these studies, 
either acetic or lactic acid was used to adjust the pH but the quantity was not 
measured, or a measured amount of acid was added but the resultant pH was not 
recorded. Other researchers have used lactic and acetic acids or their salts combined 
with other preservatives to enhance their inhibitory effect (El-Shenawy and Marth, 
1991, 1992; Chen and Shelef, 1992; Schlyter et al., 1993; Oh and Marshall, 1994; 
Pelroy et al., 1994). 

Mathematical modelling has been used to describe growth responses of microor- 
ganisms to combinations of preservative factors (McMeekin et al., 1993; McClure 
et al., 1994). Modelling provides information on interactions between two or more 
factors and allows interpolation in the region of observations. These models can be 
used to predict growth of microorganisms in foods, and this may reduce the 
amount of challenge testing needed to ensure food safety. Models have been 
published for L. monocytogerzes describing the effects of temperature alone (Duh 
and Schaffner, 1993) temperature in combination with pH and NaCl or a, (Cole 
et al., 1990; Wijtzes et al., 1993) and pH, NaCl, nitrite, and gaseous atmosphere 
(Buchanan et al., 1989; Buchanan and Phillips, 1990). All models were developed 
using laboratory media. Duffy et al. (1994) modelled the combined effects of nitrite 
with ascorbate on growth in meats, and Guerzoni et al. (1994) modelled growth of 
L. monocytogenes in dairy products and model food systems. The models of Duh 
and Schaffner (1993) Wijtzes et al. (1993) and Buchanan and Phillips (1990) were 
shown to provide a valid prediction of growth in foods and other laboratory media. 
However, predictive models have not been constructed describing the effect of 
acetic or lactic acids on growth of L. monocytogenes, although Houtsma et al. 
(1994) modelled the effect of sodium lactate and sodium chloride on growth of the 
non-pathogenic Listeriu innocua. 

The aim of this study was to determine the effect of temperature and pH 
combined with either lactic acid or acetic acid on the growth of L. monocytogenes, 
and to construct two kinetic growth models. Growth was in laboratory media so 
that conditions other than those under test were optimal. Acids were added 
independently of pH, and the concentration of undissociated acid was used for 
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modelling purposes. It was also determined whether predictions from the 
models provided a good description of the growth of L. monocytogenes in 
foods. 

2. Materials and methods 

2.1. Strains 

In preliminary experiments a total of 60 strains of L. monocytogenes were 
screened for tolerance of lactic and acetic acids. These included clinical isolates 
and isolates from foods implicated in listeriosis outbreaks and covering a range 
of serotypes (la, 1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4b, 4c, 4d, 4e and 7). A single 
strain, L. monocytogenes F6861, serotype 4b was selected because of its tolerance 
of both acetic and lactic acids and was used for all growth experiments. This 
strain was obtained from Dr. R. Weaver, CDC, Atlanta, USA, and had been 
isolated from Mexican-style cheese involved in a listeriosis outbreak in the USA 
in 1985 (James et al., 1985). 

2.2. Media 

Tryptone soya broth (Oxoid CM129) with 3 g/l yeast extract (Oxoid) and 10 
g/l additional glucose (TSYGB) was used for optimal growth (George and Lund, 
1992). Batches were made up to 80% volume, and 10 or 20% organic acid stock 
solution was added to give up to 10000 mg/l final concentration of acetic acid 
and up to 20000 mg/l final concentration of lactic acid. The pH was adjusted 
using HCl or KOH before making up to final volume. The pH was adjusted 
independently of the amount of organic acid added and the media were sterilized 
by filtration to prevent pH changes. Sterile media (100 ml volume) were trans- 
ferred to sterile 250-ml conical flasks. This gave a large surface area and small 
depth of medium with a large headspace. Flasks of media were equilibrated at 
the intended incubation temperature prior to inoculation. 

2.3. Inocula 

Cultures for inocula were preconditioned at the temperature at which experi- 
ments were carried out. Overnight cultures (20 h at 30°C) in tryptose phosphate 
broth (TPB; Difco Laboratories Ltd.) were used to inoculate TPB preincubated 
at the appropriate temperature. Inocula for experiments at 20°C were incubated 
at 30°C for 20 h, for 12°C experiments at 12°C for 4 days, and for 8°C 4°C 
and 1°C experiments, at 8°C for 6 days. Inoculum cultures were diluted in 
peptone salt dilution fluid (PSDF) (ICMSF, 1978) to give an initial count of 
1 02- 1 O3 cells/ml after inoculation. 
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2.4. Experimental procedure 

Test broths equilibrated to temperature were inoculated, mixed, and samples 
removed to determine the initial inoculum concentration and pH. Test flasks were 

incubated in shaking waterbaths (SO- 100 strokes/min) (thermoregulator, TE-8J, in 
shaking waterbath, SB-16, Techne, Cambridge, Ltd.) to maintain temperature and 

increase oxygenation. The temperature was monitored throughout the experiment 
and the pH checked frequently to ensure that no change occurred before growth 

commenced. Samples were taken at appropriate intervals to determine viable counts 
by dilution in PSDF and plating IOO-~1 volumes onto triplicate plates of tryptose 
agar (TA; Difco Laboratories Ltd.). Plates were incubated at 35°C for 48 h. The 
mean of three plate counts was used to calculate the number of colony forming 
units/ml. Up to 35 samples were taken per growth curve, although for most curves 
between 10 and 20 samples were taken. 

2.5. Experiment& design 

Combinations of conditions appropriate to a wide range of foods were selected to 
define boundaries for growth experiments. A total of 96 and 142 combinations of 

conditions were tested for models 1 (acetic) and 2 (lactic), respectively. The 

following range of conditions was tested: 
acetic acid experiments; temperature 4420°C pH 4.5-7.0, total acetic acid 

O- 10 000 mg/l. 
lactic acid experiments; temperature l-20°C pH 4.3-7.2, total lactic acid 

O-20 000 mg/l. 

2.6. Construction qf’ the models 

Figs. 1 and 2 show the combinations of pH and acid at each temperature. At 
some conditions more than one growth curve was made. In order to generate 
models covering as wide a range of temperature and pH as possible, conditions 
were selected that were limiting for growth. Model 1 (acetic) was constructed from 

119 curves, and model 2 (lactic) from 161 curves. 

2.7. Modelling 

The first stage was to fit a sigmoid function to the growth data. The method used 
was that described by Baranyi and Roberts (1994) and derives p, maximum specific 
growth rate, and h,,, the product of p and lag time. In the second stage, a quadratic 
polynomial of the controlling factors was fitted to the derived parameter ,K This 
lead to a multivariate linear regression of the form: 

ln~=c,+c,T+c,P+c,U+c,TxP+c,TxU+~,PxU+c,T~ 

+ c,P2 + c,,u2 
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where lng is the natural logarithm (In) of the specific growth rate (p) derived from 

the first stage, T, P and U denote temperature (“C), pH and undissociated acid 

(mg/l) and c,-cIo are the coefficients to be estimated. The pK, of acetic and lactic 

acid were calculated from Robinson and Stokes (1959). The natural logarithm, as 

a link function, was used to damp the variance of ,U (McClure et al., 1993). This 

modelled maximum specific growth rate, ,u, was used to predict the doubling time: 

tr, = ln2//1, and the time to lo3 increase: tlooo = (ln10’ + II,,)/,u. For the latter 

quantity, h,, was taken as constant (Baranyi and Roberts, 1994). 

In order to determine whether predictions from the models provided a valid 

description of the growth of L. monocytogenrs in foods, predictions were compared 

with doubling times and time to a lo3 increase reported in the literature. Where 

times were not quoted, the doubling time was calculated from the maximum slope 

of published growth curves and time to 10” increase was measured from the plots. 

These comparisons showed for which food products predictions compare well with 

observations of growth in the food. 
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Fig. I. Model I (acetic) experimental plan showing combinations of temperature, pH and acetic acid 

concentration tested. 
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Fig. 2. Model 2 (lactic) experimental plan showing combinations of temperature, pH and lactic acid 
concentration tested. 

3. Results 

The minimum pH for detected growth of L. monocytogenes in 50 days at 20°C 
was 4.3 when the pH was adjusted with HCl. Growth was not observed in 50 days 
at pH 4.0. At 12”, 8” and 4°C growth was observed at pH 5.0 but not at pH 4.5. 
The minimum pH for growth at 1°C was 5.4, with growth not observed at pH 5.0 
in 50 days. Acetic acid had a greater effect on growth than lactic acid at the same 
pH, when total weight of acid was compared. In the presence of 2500 mg/l lactic 
acid at pH 5.0 at 20°C the doubling time was 2.3 h, but at the same temperature 
and pH with 2500 mg/l acetic acid no growth was detected in 50 days. However, 
growth was observed at pH 5.5, 20°C in the presence of 2500 mg/l acetic acid with 
a doubling time of 5.4 h. 
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The first stage of modelling was to fit growth curves to bacterial counts using the 
method of Baranyi and Roberts (1994). The curves fitted the data well for both the 
acetic acid and the lactic acid data sets; examples are shown in Fig. 3. The second 
stage of modelling, describing the variation of the specific growth rate derived in 
stage 1, showed a good fit of both models; the R2 statistics were 97.0% for model 
1 and 94.6% for model 2. The residual mean square error (RMSE) for lnp, for 
model 1 was 0.20 and for model 2 was 0.24. The smaller the figure for the RMSE 
the closer the fit to the actual data (Box and Draper, 1987). There was good 
agreement between experimental (derived in stage 1) and the fitted (derived from 
multivariate linear regression) specific growth rates for both models (Table 1). 

To compare the two models, predictions of doubling times were made for the 
same conditions of pH and temperature from each model (Fig. 4). The points all 
fall on or very close to the line of unity, demonstrating that the models are 
compatible and either can be used for making predictions for conditions where 
there is no acid present. 

4. Discussion 

Petran and Zottola (1989) reported the minimum pH for growth of the Scott A 
strain of L. monocytogenes at 30°C as pH 4.7 and did not observe growth at pH 4.5, 
and Sorrells et al. (1989) reported a minimum pH of 4.4 for growth at 10°C of four 

Growth curves with acetic acid Growth curves with lactic acid 

10 r 

0 loo 200 300 400 500 600 700 0 200 400 600 800 loo0 1200 1400 

time (h) time (h) 

Fig. 3. Some typical fitted growth curves with actual counts of Listeria monocytogenes. Growth 

conditions were as follows: (A) 8°C pH 6.0, 2000 mg/l acetic acid (calculated 110 mg/l undissociated); 

(B) 4°C pH 7.0, 2500 mg/l acetic acid (14.7 mg/l undiss.); (C) 20°C pH 5.3, 3500 mg/l acetic acid (778 

mg/l undiss.); (D) 12”C, pH 5.5, 3000 mg/l acetic acid (463 mg/l undiss.); (E) 12°C pH 5.5, 10 000 mg/l 

lactic acid (226 mg/l undiss.); (F) 2o”C, pH 4.7, 2000 mg/l lactic acid (252 mg/l undiss.); (G) 4”C, pH 

6. I, 20000 mg/l lactic acid (118 mg/l unidss.); (H) 8”C, pH 5.0, 5000 mg/l lactic acid (345 mg/l undiss.). 

Points are actual counts and growth curves were fitted using the model of Baranyi and Roberts (1994). 
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strains when pH was adjusted with HCl. Other studies in this laboratory have 
demonstrated growth of the Scott A strain at pH 4.3 (Lund, 1993) and weak 
growth of strain 88/l, a cheese isolate, at pH 4.2 (George and Lund, unpublished 
data). In both cases the pH was adjusted with HCl and the incubation temperature 
was 20°C. Acetic acid appeared more inhibitory to growth of L. monocytogenes 

than lactic acid in terms of total acid added as weight per volume. This observation 
agrees with previous findings that acetic acid increased the minimum pH for growth 
more than lactic acid (Farber et al., 1989; Sorrells et al., 1989). A similar conclusion 
was reached in studies of the relative effect of equimolar concentrations of acetic 
and lactic acids (Young and Foegeding, 1993). The greater effectiveness of acetic 
acid is partly a reflection of its lower pK:,, giving a greater proportion of acid in the 
undissociated form. The pK, of acetic acid at 20°C was calculated as 4.7558, the 
pK, of lactic acid as 3.8594 (Robinson and Stokes, 1959). In contrast, at an 
equivalent concentration of undissociated acid (in terms of weight), lactic acid 
appeared more inhibitory to growth than acetic acid. For example, at 12°C and pH 
5.5, growth was observed in the presence of a calculated concentration of 463 mg/l 
undissociated (3000 mg/l total) acetic acid, but not in the presence of 452 mg/l 
undissociated (20000 mg/l total) lactic acid. This is consistent with observations 

1 IO 100 

doubling time predicted by model 1 (h) 
Fig. 4. Comparison of predicted doubling times at the same conditions of temperature (4-20°C) and pH 

(4.5-7.0) from models describing the effect of acetic acid (model 1) and lactic acid (model 2) on growth 

of Listeria monocytogenes. 
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made by Young and Foegeding (1993) that lactic acid had a greater inhibitory 
effect on growth rate, when equimolar amounts of undissociated acids were 
compared at an equal pH. 

In all cases the Baranyi model fitted the growth data well; examples are shown in 
Fig. 3. A comparison of predicted specific growth rates from each model with the 
specific growth rates generated in the first stage of the model showed good 
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agreement, particularly at lower acid concentrations and a pH of 5.0-6.5 (Table 1). 

For example, the predicted growth rate at 12°C pH 5.0 and 5000 mg/l lactic acid 
was identical to the experimental growth rate for the same conditions. However, the 

lactic acid model tended to predict slower growth than that observed at pH 7.2. 
This may have been due to the inclusion in the model of only a few curves at this 
high pH. The models should not be used to make predictions outside of the range 
of conditions used in their development. 

The validity of these models for predicting growth was investigated by comparing 
predictions with growth data in foods and laboratory media from published 
literature. Table 2 gives examples of predicted doubling time and time to lo3 
increase in cell numbers compared with published values. In most cases the models 

predicted faster growth than reported. Figs. 5 and 6 show double log plots of 
observed doubling time and time to 10’ increase, against predicted values from 
published data. The plots contain 290 acetic and 318 lactic data points from 62 

references. The observed and predicted doubling times and times to 10” increase 
appear similar (close to the line of unity). Many predicted doubling times and times 

to lo3 increase are shorter than observed which may be due to the presence of 
controlling factors not included in our models. For example Manu-Tawiah et al. 

(1993) observed slower than expected growth of L. monocytogenes on pork chops 
and attributed this to competing microflora. Slower growth than expected was also 
recorded in pork liver sausage (Weaver and Shelef, 1993) and may have been due 

to the presence of other preservatives such as salt and nitrite. All points of 
comparison with growth on vegetables fall below the line of unity indicating that 
growth is considerably slower than predicted by our models, thus making these 

models of less use for predicting growth in vegetables. However, the models may be 
used to predict growth of L. monocytogenes in meat, poultry, milk, dairy products, 

fish and eggs. 

Fig. 5. Comparison of doubling times from published data with predictions from the models for 

Listeria monotytogenes. (a) Model I, acetic acid. (b) Model 2, lactic acid. Data are taken from 

experiments in: meat and poultry (0); milk and dairy products (0) egg (A); fish (a); media (0); 

vegetables (0); other (m). References include those used in Table 2 and the following; Berrang et al., 

1989; Beuchat and Brackett, 1990; Buchanan et al., 1989; Buchanan and Klawitter, 1990; Buchanan 

and Phillips, 1990; Carlin and Nguyen-the, 1994; Chen and Hotchkiss, 1993; Chen and Shelef, 1992; 

Conner et al., 1990; Denis and Ramet, 1989; Dickson, 1990; Donnelly and Briggs, 1986; Dorsa et al., 

1993; El-Gazzar et al., 1991; El-Shenawy and Marth, 1988; Erickson and Jenkins, 1992; Farrag and 

Marth, 1989; Farrag et al., 1990; Ferguson and Shelef, 1990; Ferreira and Lund, 1992; Gill and 

Reichel, 1989; Glass and Doyle, 1989; Grant et al., 1993; Grau and Vanderlinde, 1990, 1992, 1993; 

Huang et al., 1992; Hudson, 1992; Hudson and Mott, 1993a,b,c; Gingham et al., 1990; Jemmi and 

Keusch, 1992; Leung et al., 1992; Manu-Tawiah et al., 1993; Marshall and Schmidt, 1988; Marshal1 

et al., 1991, 1992; Oh and Marshall, 1993; Papageorgiou and Marth, 1989; Pearson and Marth, 1990; 
Petran and Zottola, 1989; Qvist, pers comm.; Rosenow and Marth, 1987; Ryser and Marth, 1987; 

Schillinger et al., 1991; Shelef and Addala, 1994; Sionkowski and Shelef, 1990; Steinbruegge et al., 

1988; Walker et al., 1990; Wang and Shelef, 1992; Weaver and Shelef. 1993; Wimpfheimer et al., 

1990; Zeitoun and Debevere, 1991. 
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In this article two models have been described that provide good predictions of 
growth of L. monocytogenei in foods containing acetic acid or lactic acid. These 
two models can be used to predict growth of L. monocytogenes in foods in which 
these acids are present. 
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