
Survival curves of Lactococcus lactis subsp. lactis bacteriophage pll98 inactivated by heat were obtained

at seven temperature values (50–80 °C) in M17 broth and skim milk. Deviations from first-order kinet-

ics in both media were observed as sigmoidal shapes in the survival curves of pll98. An empirical model

with four parameters was used to define the thermal inactivation. Number of parameters of the model

was reduced from four to two in order to increase the robustness of the model. The reduced model pro-

duced comparable fits to the full model. Both the survival data and the calculations done using the

reduced model (time necessary to reduce the number of phage pll98 six- or seven- log10) indicated that

skim milk is a more protective medium than M17 broth within the assayed temperature range. 

Keywords: Lactococcus lactis subsp. lactis bacteriophage – skim milk – M17 broth – thermal inactiva-

tion – predictive microbiology

INTRODUCTION

Lactococcus lactis strains are extensively used by the dairy industry due to their fer-

mentation abilities and most of them are susceptible to virulent phages [7]. Since raw

milk and lysogenic strains of lactococci are considered to be the major sources of

phages, this problem is confronted by almost all dairy industries, which manufacture

cheeses and fermented milks [12]. Regardless of sanitary precautions, starter strain

rotation or constant development of new phage-resistant bacterial strains, phage

infection still persists in the dairy industry [15].

Several researchers [2, 8, 11, 12, 18] have reported on the heat inactivation of

dairy phages. Their experiments differed in terms of method, phages used and the
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suspension medium; nevertheless, they mostly reported that thermal inactivation of

the phage did not follow first-order kinetics. 

Streptococcus and Lactobacillus phages were generally reported to be highly

resistant at the applications of 30 min at 63 °C, 15 min at 72 °C and 5 min at 90 °C,

where the Lactococcus phages were considerably become inactive around 55–80 °C

depending on the phage types [2, 11, 12]. In addition, phage suspension media may

influence the thermal inactivation of lactococcal phages; milk was found to be a pro-

tective medium in some cases [4, 5].

The lactococcal phage pll98-22 used in this study is the dominant phage in Turkish

dairy plants and its source is the raw milk. The aim of this study was to investigate

the effect of heat treatment on the phage pll98-22 in M17 broth and skim milk and

further to investigate the inactivation kinetics by use of a suitable model.

MATERIALS AND METHODS

Bacteria, bacteriophages and culture conditions

Phage host strain Lactococcus lactis subsp. lactis LL98, and the phage pll98-22 were

obtained from Ankara University, Faculty of Science, Department of Biology

Culture Collection (Ankara, Turkey). Phage propagation and count were performed

as described by Avsaroglu et al. [1].

Heat treatments

Heating temperature and holding time varied from 50 to 80 °C and from 1 to 60 min,

respectively. Phage suspensions (approx. 107 PFU mL–1) in M17 broth (5 g of

polypeptone; 5 g of phytopeptone; 2.5 g of yeast extract; 5 g of meat extract; 19 g of

B-disodium glycerophosphate; 50 mL of lactose (10%); 1 mL of magnesium sul-

phate.7H2O; 0.5 g of ascorbic acid; 15 g of agar in 950 ml of distilled water) and

skim milk media were distributed to screw-capped steel tubes with a volume of 1 ml.

Then the tubes were placed into water bath that was already adjusted to the selected

temperature. Depending on the target temperature equilibration periods were deter-

mined [time required (for the suspension inside the tubes) to reach the water bath

temperature] which did not exceed 1 min. The time course of the experiment started

only after the equilibration period (to target temperature), so that isothermal condi-

tions were achieved. After each holding time the tubes were instantly cooled in a

water-ice mixture. Subsequently, phage titers were determined. Control counts were

identified with the phages that were not exposed to thermal treatment. All experi-

ments were repeated three times and the averages were determined.



The model, data analysis and model evaluation

The following empirical equation suggested by Peleg [13] was used.

where S(t) is the survival ratio, i.e. S(t) = N(t)/N0, N(t) and N0 are the number of sur-

vivors after an exposure time t and initial number of microorganisms (microbial cells

and spores; CFU · mL–1or in case of viruses; PFU · mL–1). The parameters b, n, k1 and

k2 are temperature dependent coefficients.

SigmaPlot 2000 Version 6.00 (Chicago, IL, USA) was used for non-linear regres-

sion analysis and to obtain the parameters of the suggested model. The goodness-of-

fit of the model was assessed using adjusted determination coefficient (R2
adj) and

mean square error (MSE) values.

RESULTS AND DISCUSSION

Figure 1 shows the survival data of the phage pll98-22 in M17 broth (Fig. 1A) and

in skim milk (Fig. 1B) at 60 and 65 °C. Figure indicates that 40 and 15 min is nec-

essary to have about 7 log10 reduction in M17 broth at 60 and 65 °C, respectively,

while 50 and 40 min is required for the same level of inactivation in skim milk at 60

and 65 °C, respectively. Data shown in Fig. 1 were fitted with Eq. (1); fitted curves

indicate that survival curves start with an upward concavity then change its concav-

ity and end up with a downward concavity. The shapes of the survival curves reflect

different inactivation patterns of the phages. Downward concavity indicates that

damage accumulation sensitizes the survivors and hence a progressively shorter time

is needed to reduce the survival ratio by the same number of log cycles. Upward con-

cavity indicates that remaining members have the ability to adapt to applied stress

(heat treatment), i.e. sensitive or weak members of the population are rapidly elimi-

nated leaving behind heat-resistant survivors [3, 17]. The change in concavity of the

kind shown in Fig. 1 indicates that after accumulated damage has been responsible

for the elimination of sensitive members, the remaining survivors are increasingly

sturdier [1, 13]. Nevertheless, if the heat application continues for a much longer

time even these resistant survivors can be eliminated as a result of accumulated dam-

age [14].

Although Eq. (1) can successfully be used to describe phage inactivation, it has

several drawbacks: First, parameters of this model do not have biological signifi-

cance; however, the choice of model describing this type of sigmoid curves (Fig. 1)

is very limited. Equation (1) with 4 parameters does not fulfill the rule of parsimony

(i.e. simplicity) and since the regression involves 4 adjustable parameters, the out-

come can be extremely sensitive to even a small scatter or error in the experimental
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Fig. 1. Survival curves [log10 S(t) vs. time (in minutes), where S(t) is the survival ratio, i.e. S(t) = N(t)/N0]

of bacteriophage pll98 in M17 broth (A) and in skim milk (B). Closed circles are the observed values at

60 °C; open circles are the observed values at 65 °C. Data were fitted with Eq. (1) (solid lines)



data [13]. Moreover, Eq. (1) may result in relatively large confidence intervals for its

parameters when the number of degrees of freedom (number of data – number of

parameters) is small [6, 9]. In fact, this last point was confirmed in this study since

very large confidence intervals – sometimes exceeding the parameter itself – were

obtained (results not shown). Lastly, parameters of the model are strongly correlated

with each other. This was also confirmed by the correlation coefficients as they were

in the order of 0.96 or more. That is to say, the parameters are dependent; an error on

one parameter will be balanced by an error on another in the same way. Such an auto-

correlation causes certain instability of parameter estimates [10].

To overcome these drawbacks (to reduce the number of parameters and to increase

the robustness of the model) it was proposed to fix two parameters of Eq. (1). In our

previous study the same equation was used and number of parameters was reduced

from four to two with a slight loss of goodness-of-fit for hypochlorite inactivation of

lactococcal bacteriophages [1]. Another equation with four parameters was used to

describe the isopropanol inactivation kinetics of lactococcal bacteriophages and the

same procedure was applied (reduction of the parameters of a model by fixing one or

more parameters characteristic of a strain or a medium) resulting in a slight loss of

goodness-of-fit [2].

Since b values in Eq. (1) were very close to zero (in the order of 0.0001) and k2

values were close to each other almost at all temperatures, b and k2 values were fixed

for each medium (bfixed = 0.0001 and 0.00005; k2fixed = 0.20 and 0.25 for M17 broth

and skim milk, respectively). Choosing the averages values to evaluate single b and

k2 values is not suitable because the number of data in each kinetic is not equal, kinet-

ics have not the same weight on the b and k2 values evaluation. Therefore, these val-

ues were evaluated by optimization; the optimal value of bfixed and k2fixed were deter-

mined by generating incremental values within a specified range, e.g. rising from

0.20 to 0.33 in 0.01 steps for determining k2fixed for skim milk. At each value, the sur-

vival data were fitted with Eq. (1) having the corresponding bfixed and k2fixed values.

The bfixed and k2fixed values that have produced the highest R2
adj and lowest MSE val-

ues were chosen.

Figure 2 shows the survival curves of the phage pll98-22 in skim milk at 50 and

70 °C and in M17 broth at 75 °C fitted with both full model [Eq. (1)] and the reduced

model (with fixed b and k2 and variable n and k1). The visual inspection of Fig. 2

indicates that fitting with the reduced model was as good as the full model at 75 °C

in M17 broth; however, there were slight and moderate loss of goodness-of-fit at con-

centrations in skim milk at 50 and 70 °C, respectively. Nevertheless, as mentioned

before, using a reduced model increases the robustness of the model and correlation

coefficients between n and k1 were lowered so that errors due to dependencies of the

parameters disappeared. The reduced model also produced reasonable fits for other

temperature values. Table 1 shows R2
adj and MSE values for both full [Eq. (1)] and

reduced (with fixed b and k2 and variable n and k1) models. R2
adj (between 0.85–0.99)

and MSE (between 0.003–0.25) values indicate that the reduced model can be a good

alternative.
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Figure 2 also indicates that depending on the target log reduction high temperature

short time processing instead of lower temperatures and longer exposure times can

be a good option since in the first phase of the survival curve (i.e. upward concavi-

ty) a sudden decrease of the phage number is observed. For example, at 70 °C one

Table 1

Adjusted determination coefficient (R2
adj) and mean square error (MSE) values of the full [Eq. (1)]

and reduced (with fixed b and k2 and variable n and k1) models

M17 broth Skim milk

T (°C) R2
adj MSE R2

adj MSE

Full Reduced Full Reduced Full Reduced Full Reduced

50 0.93 0.91 0.06 0.08 0.95 0.94 0.07 0.07

55 0.82 0.85 0.19 0.16 0.90 0.88 0.16 0.19

60 0.98 0.95 0.08 0.15 0.99 0.99 0.03 0.04

65 0.91 0.91 0.24 0.25 0.95 0.90 0.13 0.29

70 0.99 0.98 0.07 0.09 0.96 0.90 0.07 0.19

75 0.99 0.99 0.01 0.02 0.97 0.94 0.10 0.19

80 0.99 0.99 0.001 0.003 0.99 0.94 0.02 0.25

Fig. 2. Survival curves of bacteriophage pll98 in skim milk at 50 °C (closed circles), 70 °C (open circles)

and in M17 broth at 75 °C (reversed closed triangle). Data were fitted with Eq. (1) (solid lines) and

with reduced model with fixed b and k2 and variable n and k1 (dashed lines). bfixed = 0.0001 and 0.00005;

k2fixed = 0.20 and 0.25 for M17 broth and skim milk, respectively
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Fig. 3. Temperature dependence of the parameter n obtained from the reduced model, where T is the tem-

perature and corresponding R2
adj is 0.80 for M17 broth (A); n = 0.49exp(0.03T) and corresponding R2

adj

is 0.90 for skim milk. Circles are the observed data. Error bars represent 95% confidence intervals
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Fig. 4. Temperature dependence of the parameter k1 obtained from the reduced model, k1 = 1/(0.03T–1.2)

where T is the temperature and corresponding R2
adj is 0.94 for M17 broth (A); k1 = 1/(0.06T–2.9) and cor-

responding R2
adj is 0.99 for skim milk. Circles are the observed data. Error bars represent 95% confidence

intervals



min is enough to have 3 log10 in skim milk; however more than 55 min is required to

have the same log reduction.

The temperature dependence of n and k1 obtained from the reduced model were

described by ad hoc empirical equations. Figure 3 shows the n values obtained for

M17 broth (Fig. 3A) and skim milk (Fig. 3B) at different temperatures. Linear and

exponential relationships were used to describe the temperature dependence of n for

M17 broth and skim milk, respectively. Figure 4 shows the k1 values obtained for

M17 broth (Fig. 4A) and skim milk (Fig. 4B) at different temperatures. Both were

described by using the rational function. Although not perfectly matched with the

data, the chosen secondary models (ad hoc empirical equations) still followed the

general shape of the pattern.

To calculate the time necessary to reduce number of population by several log10

reductions for the phage pll98-22 in skim milk, the following equation can be used;

Equation (2) can be used to calculate the time necessary for six- or seven-log reduc-

tion (as in case of pasteurization), and it can also be used to predict the survival

curves at other temperature values (interpolation between 50 and 80 °C). From Eq.

(2), both D6 (time needed for six-log reduction) and D7 (time needed for seven-log

reduction) for the phage pll98-22 inactivated at 80 °C in skim milk were calculated

as 6.3 and 6.6 min, respectively. While in M17 broth they were calculated as 5.4 and

5.6 min. These calculations could be carried out at all temperatures for both media.

By comparing the D6 and/or D7 values, it can be concluded that the inactivation of

the phage pll98-22 in skim milk is more difficult than the inactivation in M17 broth.

This was also observed by Quiberoni et al. [12] and Suárez and Reinheimer [16] for

Lactobacillus delbrueckii and Lactococcus lactis bacteriophages, respectively.

CONCLUSIONS

The semi-logarithmic survival curves of the bacteriophage pll98-22 inactivated by

heat were clearly non-linear indicating that first-order kinetics was not suitable.

Hence, an empirical model with four parameters was used to define the thermal inac-

tivation of this phage in M17 broth and skim milk. Number of parameters of the

model was reduced from four to two in order to increase the robustness of the model.

The reduced model also provided good fit. Both the survival data and the calculations

done using the reduced model (time necessary to reduce the number of phage pll98

six- or seven- log10) indicated that skim milk is a more protective medium than M17

broth within the assayed temperature range. The reduced model and the procedure

presented here can also be used for other phages whose survival curves are sigmoid.
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