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ABSTRACT 
 

This work presents a statistical model of survival analysis for three pathogenic bacterial strains (Escherichia coli, 
Listeria monocytogenes and Staphylococcus aureus), when treated with neutralized and non-neutralized filtered 
supernatants broth from cultures of Lactobacillus acidhophilus, Lactobacillus rhamnosus and Lactobacillus sake. 
Survival analysis is a method employed to determine the period of time from an initial stage up to the occurrence of 
a particular event of interest, as death or a particular culture growth failure. In order to evaluate the potential 
efficacy of the ahead mentioned lactic acid bacteria when used as bioprotective starters in foods,  experimental data 
were statistically treated and expressed by simple representative curves. Following the methodology of Cox and 
Kaplan-Meier, it was possible to make the selection of the best bioprotective lactic starter, as a predictive tool for 
evaluation of shelf life and prevention of eventual risks in fresh sausages and other similar food products. 
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INTRODUCTION 
 
Biopreservation has received increased attention as 
a good alternative to extend shelf-life and promote 
microbiological food safety. Bioprotective 
microbial starters are used to improve the quality 
of fresh sausages and other similar foods under 
conditions of stored and low temperatures. The 
activity of these cultures is based on nutrient 
competition and/or production of low pH and 
antimicrobial compounds such as organic acids 
(lactic and acetic), hydrogen peroxide, 
antimicrobial compounds as reuterin and some 
specific bacteriocins (Parada et al., 2007; 
Klaenhammer, 2001). Fresh sausages are 

elaborated with grounded raw meat, mixed with 
sugar, spices and additives, and filled in artificial 
or natural casings. Non-cooked sausages, with a 
pH value of about 5.5 and water activity (Aw) equal 
to or higher than 0.97, are highly perishable 
products (Cocolin et al., 2004).  
Fresh sausages in Brazil and other countries are 
usually packaged in normal or modified 
atmosphere and stored at 4°C for a maximum 
period of 10 days. In tropical countries, the 
temperature of refrigeration is usually higher and 
the product is frequently submitted to non suitable 
temperatures and, as a consequence, the period of 
safe conservation is reduced. The shelf life of fresh 
sausages and other fresh products is dependent on 
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the initial number of contaminant microflora and 
the temperature of conservation. The risk of a 
disease burst is also dependent on these variables. 
The use of GRAS (Generally Regarded as Safe) 
bioprotective lactic acid microorganisms in meat 
processing has various purposes (Al-Nabulsi and 
Holley, 2007), such as safety improvement by 
inactivation of pathogens (Caplice and Fitzgerald, 

1999), pH reduction, thus increasing stability of 
the product and extending the shelf life by 
inhibition of undesirable spoilage microorganisms 
(Cocolin et al., 2004). Lactic acid starters provide 
diversity in products by modification of raw 
materials, resulting in new sensorial properties and 
production of health benefits by the probiotic 
effects associated to their presence (Lücke, 2000). 
Microbial growth evolution in food has been 
studied based on statistical models and laws of 
probability (Koutsoumanis and Sofos, 2005; 
Baranyi and Roberts, 1994), under different 
physical and chemical conditions, as temperature, 
Aw, pH, and type of culture, among others. 
Survival analysis is a predictive method employed 
to determine the period of time from an initial 
stage until the occurrence of a particular event of 
interest, as death, or a particular failure. 
Many applications of survival analysis are known 
in medical research, for example, the period of 
time that patients survive after a diagnostic of a 
certain illness (Crowley and Breslow, 1994; 
Ederer et al., 1961). It requires a well-defined 
origin, an appropriate scale for measuring the 
period of time and an unambiguous definition of 
failure. Parametric survival analysis aims to 
determine the optimal parameters of a fixed 
distribution describing the time of failure as a 
function of probability. 
Another function of interest in survival analysis is 
the hazard function, given by the instantaneous 
probability of failure at any time. The hazard 
function describes the concept of the risk of an 
outcome (e.g. death, failure) in an interval period 
after a time (t), depending on the external 
condition. It is the probability that an organism 
dies or survives somewhere between an initial time 
(t) and (t + ∆t), divided by the probability of 
surviving beyond time (t). The hazard function 
seems to be a more intuitive tool used for survival 
analysis than the probability of density function 
(Lee, 1992), because it determines the 
instantaneous risk when an event takes place at a 
given time (t). 

In survival models, the response of failure time 
could be affected by latent variables, which may 
be influenced by media composition, physical 
conditions or co-variables, not always included in 
the study (Crowley and Breslow, 1994). In many 
and different applications of survival analysis it is 
difficult to observe the failure fact. Trials where 
failure is not observed after a considered period of 
time are said to be “censured”. 
The definition of the concept of failure time is 
essential to establish the "breakpoint" from which 
it will be measured. If, for example, we need to 
know the shelf life period of a product (for 
example, fresh sausage), it is necessary to know 
the date of elaboration and the time during which 
it is considered a safe product. It is required to 
collect data up to the end of the period. The 
occurrence of a pre-specified event is referred to 
as failure, and the period to appear is considered 
the time of failure. Those microorganisms that 
show no flaws have a censured time, which is the 
period observed since the beginning of the trial up 
to the end (Työppönen et al., 2003).  
In most microbiological studies, there is a 
reasonable correlation between the time of 
survival and the number of microorganisms. This 
correlation may be modified by different factors, 
as microbial antagonism and environmental factors 
such as bacteriocins, pH, redox potential, 
antioxidant compounds etc. (Vermeiren et al., 
2004; Carvalho et al., 2005).  
Even when the failure time is unknown, censured 
data should be considered in order to know the 
complete survival distribution, including the 
period of time in which the failure is not observed 
(Nissen and Holck 1998). 
Another model employed was the estimator 
nonparametric method of Kaplan-Meier (Kaplan 
and Meier, 1958; Lee, 1992; Kleinbaum, 1995), 
also known as estimator product limit, proposed 
by these authors in 1958. This approach is widely 
used to estimate the function of survival in 
biological experiments. To obtain information, it is 
necessary to consider failures at different intervals 
of time. The nonparametric methodology of 
Kaplan-Meier uses the concept of independent 
events and conditional probability in relation with 
the behavior of the organism. 
Lactic acid bacteria starters have demonstrated to 
have antagonistic effects against some pathogenic 
strains and spoilage microorganisms (Vermeiren et 
al., 2004; Lücke, 2000, Sanada et al., 2009). 
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Bacteriocins are small peptides able to inhibit the 
growth of several undesirable bacteria that grow in 
foods, as Staphylococcus aureus, Listeria 
monocytogenes, etc. (Tagg et al., 1976). The use of 
bacteriocin producing strains as protective cultures 
for in situ control of food pathogens has shown to 
be useful in cheese and other foods (Holzapfel et 
al., 1995; Stiles, 1996; Caplice and Fitzgerald, 
1999, Yamagushi et al., 2009).  
The objective of this work was to use a parametric 
and nonparametric statistical model of survival 
analysis to evaluate the bioprotective action of 
lactic acid bacteria sterile supernatants. Three 
independent pathogenic cultures (Escherichia coli, 
Listeria monocytogenes, and Staphylococcus 
aureus) were treated with neutralized and non-
neutralized filtered supernatants broth from 
cultures of Lactobacillus acidophilus, 
Lactobacillus rhamnosus, and Lactobacillus sake 
grown in MRS broth (Rogosa and Sharpe, 1961), 
in order to determine the most effective starter to 
be used in fresh sausage production. 
 
 
MATERIAL AND METHODS 
 
Strains 
Different inoculum size varying from 1 to 5 ml was 
tested for the effect of inoculum size on  supernatants 
production (Ramadas, et al., 2009) and three different 
species of Lactobacillus were obtained from the 
American Type Culture Collection (ATCC) and 
from the Department of Bioprocess Engineering 
and Biotechnology (DEBB), Federal University of 
Paraná. These strains were tested and used as 
antimicrobial producing starters. Lactobacillus 
acidophilus (ATCC 4356), Lactobacillus sake 
(ATCC 15521) and Lactobacillus rhamnosus 
(DEEB H-19), stored in liquid nitrogen (N2) at -
196°C, were reactivated in MRS broth and grown 
at 37°C during 24 h. As testing strains, the 
pathogens Listeria monocytogenes (ATCC 15313), 
Escherichia coli (ATCC 25922) and 
Staphylococcus aureus (ATCC 25923) were used, 
and maintained at 4°C in MRS broth. For long-
term conservation, cells were centrifuged at 4,000 
g for 15 min, resuspended in glycerol 10%, 
transferred to sterile microvials and kept in liquid 
N2 at a temperature of -196°C. 
 
Supernatants obtained from lactic acid bacteria 
Lactobacillus strains were grown in MRS broth for 
48 h and centrifuged at 4000 g for 15 min. It was 

supposed that supernatants contained lactic and 
other acidic metabolites, bacteriocins and 
bacteriocin like substances. The supernatants were 
divided in two aliquots. One aliquot was filtrated 
with a sterile membrane of cellulose ester 
(Millipore, 0.22 µm-pore) and named the “non-
neutralized filtrate”. The other portion had the pH 
adjusted to 6.0 with NaOH 1 N, was filtrated 
through 0.22 µm membrane and collected in a 
sterile tube. This was named “neutralized filtrate”.  
 
 

Effect of Lactobacillus supernatants on 
pathogenic bacteria 
For the present survival analysis study, the sterile 
supernatants were tested on pathogenic 
microorganisms (L. monocytogenes, E. coli and S. 
aureus) using ELISA microplates. The absorbance 
values at OD660 were recorded at 37°C every 2 h in 
an ELISA equipment (BioTek “Power Wave XS") 
using the KC Junior program. The supernatants 
(90µL) were added to an equal amount of Mueller-
Hinton (MH) broth and inoculated with 20 µL of 
the respective overnight culture of pathogens, 
grown in MH broth diluted 1:10 with sterile 
distilled water. All individual data were pooled 
and statistically treated to construct survival 
curves. The failure or inhibition was determined 
by Equation 1: 
 

100
.

..
(%) x

controlODInc

sampleODInccontrolODInc
F 







 −=
       

(1) 

 

Where: F(%) = percentage of inhibition of the 
sample in relation to the control; 
Inc. OD Control = Increment in optical density of 
the control; 
Inc. OD Sample = Increment in optical density of 
the sample. 
 
Statistical analysis 
The growth of the pathogenic microorganisms was 
evaluated during 24 h. The dependent variable was 
the time at the first observation of pathogenic 
microorganism failure (survival time T). Another 
property of the dataset was the presence of 
censored data. The variable time could have two 
different meanings depending on the situation:  
when pathogenic failure was observed, it gave the 
actual survival time, but for supernatants without 
pathogenic failure, it gave the duration of the 
observation period. An incomplete observation 
was called censored (censor = 1 when pathogenic 
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failure has happened during the observation time, 
otherwise censor = 0). The possible presence of 
incomplete data cannot be accounted for when the 
traditional univariate methods are used. 
The log-rank test (Equation 2) is a nonparametric 
method that is based on assigning a weight to the 
observations as a function of the significant 
difference between the expected and the observed 
distribution when the chi-square test was applied. 
 

( )
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2
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−
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Where: O = observed event; E = expected event; 
VAR = variance. 
When analyzing survival data, two functions that 
are dependent on time are of particular interest: the 
survival function and the hazard function. The 
survival function S(t) is defined as the probability 
of surviving at least to time t. The hazard function 
h(t) is the conditional probability of dying at time t 
having survived to that time. The graph of S(t) 
against t is called the survival curve.  
The Kaplan–Meier method can be used to estimate 
this curve from the observed survival times 
without the assumption of an underlying 
probability distribution. The method is based on 
the idea that the probability of surviving t or more 
periods from entering the study is a product of the 
k observed survival rates for each period (i.e. the 
cumulative surviving proportion), given by 
Equation 3: 
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≤
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^
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Where ni is the number of objects at risk at time t(i) 
(rank-ordered survival times: t(1)<t(2)<…<t(m)), and 
di, is the observed number of events (Cox and 
Oakes, 1984). 
For comparing the effect of different treatments 
(use of supernatants of L. acidophilus, L. 
rhamnosus and L. sake) on the survival times of 
the three tested pathogenic microorganisms, both 
parametric and nonparametric analyses were 
carried out. The log-rank test is used to test 
whether there is a difference between the survival 
times of different groups, but it does not allow 
other explanatory variables to be taken into 
account. Cox’s proportional hazards model is 
analogous to a multiple regression model and 
enables the difference between survival times of 
particular groups to be tested while allowing for 

other factors. In this model, the response 
(dependent) variable is the ‘hazard’. The hazard is 
the probability of dying (or experiencing the event 
in question) given that pathogenic microorganisms 
have survived up to a given point in time, or the 
risk of failure at that moment. In Cox’s model no 
assumption is made about the probability 
distribution of the hazard. However, it is assumed 
that if the risk of dying at a particular point in time 
in one group is, e.g., twice that in the other group, 
then at any other time it will still be twice that in 
the other group. In other words, the hazard ratio 
does not depend on time.  
The model can be obtained from the cumulative 
survival function S(t) as written in Equation 4: 
 

                   )(ln)( tStH =       (4) 

 

The assumption that the proportional hazards stay 
constant along time can be inspected by looking at 
a graph showing the logarithm of the estimated 
cumulative hazard function. The assumption is 
equivalent to assuming that the difference between 
the logarithms of the hazards for the two 
treatments does not change with time, or equally 
that the difference between the logarithms of the 
cumulative hazard functions is constant.  
 
 
RESULTS 
 
In the case of neutralized supernatant, the 
inhibiting effect on the growth of pathogen 
microorganisms increased with increasing the 
dosage of L. acidophilus supernatant. Figure 1a 
represents the survival distribution curves for three 
independent neutralized Lactobacillus 
supernatants (L. acidophilus, L. rhamnosus and L. 
sake). 
The lowest line is the distribution curve for the 
supernatant of L. acidophilus, indicating that the 
numbers of survivor pathogens were greater, at the 
same observation time, when the supernatants of 
L. rhamnosus and L. sake were employed. The L. 
rhamnosus and L. sake supernatants presented no 
significant difference on development of 
pathogens during the observation period (24 h), 
and the corresponding p-value was 0.791. There 
were significant differences in pathogen inhibiting 
effect between L. acidophilus and L. rhamnosus 
and L. acidophilus and L. sake, the corresponding 
p-values were 0.0341 and 0.0168, respectively 
(Table 1). 



Modelling Antagonic Effect of Lactic Acid Bacteria 
 

Braz. Arch. Biol. Technol. v.52 n. special: pp.29-36, Nov. 2009 

33 

Table 1 – Pairwise comparison of the different neutralized Lactobacillus supernatants with pathogenic 
microorganisms: χ2 and p-values. 

Lactobacillus χ
2 p-value 

L. acidophilus x L. rhamnosus 1.43 0.0341 

L. rhamnosus x L. sake 0.02 0.7910 

L. acidophilus x L. sake 1.81 0.0168 

 
 
For the non-neutralized supernatants (Fig. 1a), it 
was observed that the antibacterial effect of L. 
acidophilus on the growth of E. coli, L. 
monocytogenes and S. aureus was more significant 
than those presented by L. rhamnosus and L. sake, 
as for the neutralized supernatants.  For instance, 
in the case of L. acidophilus non-neutralized 
supernatants, only 8% of the pathogens survived 
after 20 h (probability = 0.08), while a probability 
of 19% was obtained for L. rhamnosus and L. 
sake.  

These effects may have been produced by a 
concomitant action of lactic acid low pH and the 
presence of bacteriocins or bacteriocins like 
substances (BLIS) in the supernatants. 
The statistical test of the log-rank ((OE) ^ 2 / E) 
study pointed out significant differences between 
the three independent tests carried out using 
Lactobacillus supernatants (Table 2). When using 
the Kaplan-Meier method, the survival function 
for each independent supernatant was obtained, as 
shown in Figures 1a and 1b. 

 

    
            (a)                (b) 

 

Figure1 - Survival distribution curves for three Lactobacillus species for neutralized supernatant 
(a) and non-neutralized supernatant (b). Evaluation of pathogenic failure was performed 
during 24 h (1.0 = no pathogenic failure, 0.0 = 100% of pathogenic failure). 

 
 
Table 2 - Distribution of observed and expected events. 

Lactobacillus n Observed Expected (O-E)^2/E1 (O-E)^2/E2 

L. acidophilus 180 122 104 2.991 6.94 

L. rhamnosus 180 97 104 0.515 1.20 

L. sake 180 94 104 2.023 2.38 

Note: 1: Test of log-rank, 2: Test of Peto´s 
Chi-square= 7.0  on 2 degrees of freedom, p=0.038 
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The log-rank statistical method, which under the 
hypothesis of equality of the survival curves 
should present a chi-square distribution with two 
degrees of freedom, resulted in a p-value of 0.038, 
indicating significant differences in the 
antibacterial capacity of neutralized and non-
neutralized Lactobacillus supernatants, being more 
visible in the case of L. acidophilus. 
The use of neutralized supernatants showed, after 
20 h, a survival of 25% for L. acidophilus and 
around 40% for L. rhamnosus and L. sake Figure 
1b, being the inhibitory effect of the supernatants 
probably caused by bacteriocins and lactate, 
excluding factors as low pH and/or production of 

lactic acid, since it was previously neutralized. 
Survival rates were higher than those observed in 
the experiments with non-neutralized supernatants.  
Figures 2a and 2b present the curves 
corresponding to estimated cumulative risk for the 
three pathogenic microorganisms tested, and the 
relative effect of the neutralized and non-
neutralized supernatants of L. acidophilus, L. 
rhamnosus and L. sake. 
The risk ratio when L. acidophilus and the other 
two supernatants were evaluated was 1.81, 
meaning that the risk of occurrence of bacterial 
growth after 20 h is minor when using L. 
acidophilus as bioprotective starter (Fig. 2a e 2b).   

 

 
(a)       (b) 

 
Figure 2 - Cumulative hazard function curves for three Lactobacillus microorganisms for 

neutralized supernatant (a) and non-neutralized supernatant (b). Evaluation of 
pathogenic failure was performed during 24 h. 

 
 
 
 
 
DISCUSSION 
 
A statistical model using the survival approach 
was developed in order to evaluate the antagonistic 
effect of non-neutralized and neutralized lactic 
acid bacteria supernatants on three pathogenic 
bacteria, usual contaminants of meat and dairy 
products. The survival curves and the growth 
period previous to appearance of a failure may be 
used as a preliminary study for the evaluation of 
lactic acid bacteria starters. Besides, by using non-

neutralized and neutralized supernatants, it should 
be possible to discriminate the effects of lactic 
acid and bacteriocins on growth of pathogenic 
microorganisms.  
L. acidophilus supernatant presented a better 
performance than the other two in both cases, with 
neutralized as well as non-neutralized 
supernatants. The selection of starters as 
bioprotective agents is important to extend shelf 
life of fresh sausages and other fermented 
products. Further studies with real foods will 
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determine the usefulness and application of this 
statistical approach. Schilliner and Lücke (1989) 
reported that L. monocytogenes was inhibited in 
minced meat by the presence of Lactobacillus sake 
706 Lb, a producer of sakacin A. Several studies 
have reported the efficiency of lactic acid bacteria 
in sausage manufacture in order to control L. 
monocytogenes (Chikthimmah et al., 2001; 
Encinas et al., 1999).   
Our results are in agreement with the inhibition of 
E. coli O157:H7 and S. aureus cultures by 
Lactobacillus acidophilus supernatant obtained by 
Rasmussen et al., (1993). Further work with a real 
model of sausage manufacture with starters could 
determine the validation of the presented statistical 
model. 
 
 
RESUMO 
 
Este trabalho apresenta um modelo estatístico de 

análise de sobrevivência para três bactérias 
patogénicas (Escherichia coli, Listeria 
monocytogenes e Staphylococcus aureus), 
quando tratados com sobrenadantes filtrados 
neutralizado e não neutralizado provenientes de 
culturas de Lactobacillus acidhophilus, 
Lactobacillus rhamnosus e Lactobacillus sake. 
A Análise de sobrevivência é um método 
utilizado para determinar o período de tempo a 
partir de uma fase inicial até a ocorrência de um 
determinado evento de interesse, como a morte 
ou a inibição de uma particular cultura, a fim de 
avaliar a eficácia potencial das referidas 
bactérias lácticas quando usadas como 
bioproteção em alimentos. Os dados 
experimentais foram tratados estatisticamente, 
seguindo a metodologia de Cox e Kaplan-Meier 
e foi possível fazer a seleção dos melhores 
fermentos láticos bioprotectivos, como uma 
ferramenta para avaliação preditiva, vida de 
prateleira e prevenção de eventuais riscos em 
Lingüiças frescas e outros produtos alimentares. 
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