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Abstract: 

Introduction: The prevalence of foodborne psychrotrophic pathogens in meat and meat products stored at refrigeration temperature continues 

to be a major global public health issue. Therefore, ensuring microbiological safety of food products is recognized as a crucial element of food 

quality assurance and public health protection.  

Methodology: Ten crossbreed pigs (8 to 9 months old) were slaughtered under controlled conditions at the R&D Pig Slaughterhouse and Pork 

Processing Plant, ICAR-NRCP, Guwahati. The meat samples were trimmed, chilled at 4 ± 1°C for 24 h, minced and emulsified. Pork meatballs 

were inoculated with Listeria monocytogenes and Yersinia enterocolitica and subjected to different boiling time-temperature combinations, 

followed by enrichment in brain heart infusion (BHI) broth for 18 h at 37 ºC. L. monocytogenes and Y. enterocolitica were cultured on PALCAM 

agar and Yersinia isolation agar respectively.  Bacterial counts were expressed as colony forming units and the presence of both pathogens was 

confirmed using Polymerase Chain Reaction (PCR) amplification of hlyA1 and 16S rRNA genes, followed by gel electrophoresis.  

Results: The variable time-temperature combinations reduced the viable count for both pathogens. Significant reduction in bacterial survival 

was observed at 68°C, while cooking temperatures at ≥70°C for 5-15 min resulted in near total loss of viable cells. The temperature of 72°C with 

shorter cooking duration showed less or no bacterial recovery. PCR amplification detected L. monocytogenes and Y. enterocolitica in uncooked 

inoculated samples as well as short duration cooked meatballs indicating presence of target genes. However, products cooked for less time 

showed presence of pathogens even after cooking. No significant difference was observed in thermal susceptibility between the two pathogens 

but increasing the cooking time and temperature significantly reduced pathogen recovery. 

Conclusion: Thermal temperatures effectively reduced the survival of L. monocytogenes and Y. enterocolitica in pork meatballs with decreased 

bacterial survival with increasing cooking time and temperature. PCR detected genes specific for pathogenesis in some heat-treated samples that 

provided evidence for the persistent nature of bacterial DNA which emphasizes the importance of cooking time and temperature for improved 

microbial safety to reduce the risk of foodborne illnesses.  

Keywords: Listeria monocytogenes, Yersinia enterocolitica, pork meatball, foodborne illness, PCR, psychrotrophic pathogens.  

1. INTRODUCTION 

The prevalence of microbial contamination in food leads to 
foodborne illnesses, caused by microbial contamination has 

become a global public health concern [1]. Studies show that 
annually, out of 600 million cases of foodborne diseases 
worldwide, 420,000 deaths were reported indicating increase in 
global morbidity, mortality and financial loss [2, 3]. This 
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increased risk of disease is due to globalization of food 
production and distribution networks, shifting consumer 
preferences for less processed and ready-to-eat foods. 
Therefore, increasing microbial safety of food products is 
recognized as a crucial element of both food quality assurance 
and public health protection [4]. 

Animal derived food and food products, particularly meat 
and meat products are highly susceptible to microbial 
contamination, due to their optimal pH, high moisture content, 
and rich nutrient composition, all of which support growth and 
survival of pathogenic microorganisms [5]. Meat and meat 
products may become contaminated at different stages of the 
production chain, including slaughter, processing, 
transportation, storage and retail handling. They also provide a 
favorable environment for bacterial growth [6]. The factors 
contributing to contamination in meat and meat product include 
cross-contamination during manufacturing, poor storage 
conditions, and inadequate hygiene practices. Therefore, it is 
necessary to control microbial growth during storage of meat 
and meat related products to ensure food safety and consumer 
trust.  

Two important zoonotic pathogens responsible for 
foodborne illness Listeria monocytogenes and Yersinia 
enterocolitica, are of significant health concern due to their 
widespread dispersion, environmental persistence and ability to 
adapt to harsh environmental conditions [7]. Both these 
pathogens can contaminate meat and meat-related products at 
different stages of storage, distribution and retail leading to 
outbreaks of foodborne illness globally. These psychrophilic 
pathogens are challenging to control chilled and ready-to-eat 
foods, as they can thrive and reproduce in refrigeration 
temperatures [8]. 

Listeria monocytogenes is a Gram-positive, facultative 
intracellular bacterium which is a causative agent for listeriosis, 
responsible for meningitis, encephalitis, septicemia and 
miscarriages in pregnant women [8].  Listeriosis is responsible 
for the highest rate of hospitalization leading to mortality, 
despite having a lower incidence rate compared to other 
foodborne illnesses. Its ability to adapt enables L. 
monocytogenes to survive under stressed environmental 
conditions such as low temperatures, high salt 
concentrations and acidic environments [9]. These adaptive 
characteristics facilitate their presence in food processing 
environments [10]. Vulnerable populations such as pregnant 
women, neonates, elderly individuals, and 
immunocompromised patients are particularly susceptible to 
severe clinical risks following L. monocytogenes infection [11]. 

Similarly, Yersinia enterocolitica is a Gram-negative enteric 
pathogen responsible for yersiniosis, a zoonotic illness 
characterized by mesenteric lymphadenitis, diarrhea, fever and 
stomachache [12]. The clinical manifestations of yersiniosis 
often resemble the symptoms of acute appendicitis, posing 
disease diagnosis as a challenge. Pigs are recognized as a 
primary reservoir for pathogenic Y. enterocolitica strains, and 
pork and pork products are often identified as major sources of 
human infections [12]. This bacterium persists throughout the 
food chain, increasing the risk of foodborne disease 

transmission due to its ability to grow at refrigeration 
temperatures and survive under a wide range of environmental 
conditions [13]. 

Thermal processing or cooking is a widely used and 
effective method to ensure microbiological safety of meat 
products. Processing meat at the appropriate temperatures for a 
sufficient time duration can significantly reduce or eliminate the 
risk of foodborne illnesses. Thermal treatments are effective 
depending on several factors including type of pathogen, 
properties of food matrix, heating technique and length of heat 
exposure. However, some pathogenic bacteria may survive 
thermal treatment if not cooked for appropriate time-
temperature combinations [14]. Furthermore, even when meat 
products are cooked under adequate time-temperature 
combinations, psychrotrophic pathogens such as L. 
monocytogenes and Y. enterocolitica may still be detected due 
to post-processing contamination or inadequate chilled storage 
conditions [10]. 

To date, the gold standard for detection of foodborne 
pathogens is traditional culture-based methods, although these 
methods are labor-intensive and require several days to produce 
results. Moreover, Viable but Non-Culturable (VBNC) or sub-
lethally wounded cells may evade identification, leading to an 
underestimation of microbial contamination and potential food 
safety risk [15].  

Advanced molecular biology techniques such as Polymerase 
Chain Reaction (PCR), provide rapid, sensitive and specific 
detection of pathogens by targeting pathogen-specific genetic 
markers directly from food samples [16]. The PCR based 
detection techniques have become crucial for studies related to 
risk assessment, food safety surveillance and microbial risk 
assessment as a useful supplement to traditional culture-based 
microbiological methods. 

Although thermal processing is considered as an effective 
method for controlling foodborne pathogens in meat and meat 
products, previous studies report many limitations. The 
effectiveness of pathogen inactivation largely depends on the 
type of microorganism, properties of food matrices, heating 
techniques and time-temperature combination, which often 
results in survival of bacteria if conditions are kept sub-optimal. 
Moreover, even when adequate processing temperature is 
maintained, psychrophilic bacteria such as L. monocytogenes 
and Y. enterocolitica can proliferate under chilled storage post-
processing due to their ability to grow at refrigerated 
temperature. Although the culture-based methods are gold 
standard for validating thermal efficacy, they are labour-
intensive, time-consuming and unable to detect viable but non-
culturable cells (VBNC).  

The present study addresses and provides a solution to the 
gaps in detection of pathogens in pork meatballs by examining 
the survival rates of Listeria monocytogenes and Yersinia 
enterocolitica under various thermal processing conditions 
using traditional culture-based methods and PCR. This 
combined approach will provide a comparative evaluation of 
the detection accuracy of these two methods while providing a 
comprehensive assessment of thermal inactivation. The 
findings of the study are aimed at improving understanding 
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of pathogen inactivation during thermal processing, enhance the 
accuracy of microbial detection techniques and contribute to 
development of effective food safety measures for meat and 
meat products. 

2. MATERIALS AND METHODS 

2.1. Pork and Pork Fat 

Ten crossbreed pigs aged 8 to 9 months, with uniform live-
weight category were selected. The animals were slaughtered 
under controlled conditions at Research and Development Pig 
Slaughterhouse and Pork Processing Plant of the ICAR-
National Research Centre on Pig, Rani, Guwahati (HACCP and 
ISO 9001:2015-certified; FSSAI License No. 
10319001000189). Prior to slaughter, the pigs were electrically 
stunned following the slaughter guidelines of institutional and 
national welfare and hygiene regulations.  

The slaughtering protocol was approved by the Institutional 
Animal Ethics committee (IAEC No. NRCP/IAEC/1658/2023-
24/86 dated 25-04-2023). After animal slaughter, the Biceps 
femoris muscle from each carcass were excised within 1h.  The 
muscle samples were aseptically trimmed and chilled for 24 h 
at 4 ± 1 oC and thereafter subjected to mincing. The minced meat 
and fat were packaged in Low-Density Polyethylene (LDPE) 
bags and stored at -18 ± 1 oC until further use.  

2.2. Processing of Pork Products 

To prepare the pork products, meat emulsions were prepared 
using a meat mincer (Model K20 Ras, Stutgart, Germany) with 
20% pork fat. Each bag weighed approximately 1 kg meat 
obtained from the chilled carcass with 650 g (65%) lean pork, 
200 g (20%) pork fat, 50 g (5%) condiments mix, 50 g (5%) 
refined wheat flour, 20 g (2%) spice mix and refined salt and 
0.5 g (0.5%) each for cane sugar and sodium tripolyphosphate. 

The condiment mix was prepared using onion and garlic 
paste in 3:1 ratio. Ground lean pork was mixed with salt, sugar, 
sodium nitrite and sodium tripolyphosphate for 2 min. The 
prepared condiments mix was added and mixed again for 2 min. 
Water or ice flakes were intentionally omitted to reduce the 
water activity of the meatballs. Ground pork fat was gradually 
added and mixed until the fat was uniformly dispersed 
throughout the emulsion (3 to 4 min). Spice mix and refined 
wheat flour were added and mixed (approximately 1 min) to 
obtain a fine homogenous emulsion.  

2.3. Processing of Meatball Emulsion  

The thermal inactivation study was performed on 
homogenized samples in triplicates, with each replicate, the 
meat emulsion was divided into two parts as un-inoculated 
control and inoculation with 105 CFU/g bacterial culture of 
Listeria monocytogenes incubated for 1hr. Pork emulsion balls 
were prepared from the inoculated and uninoculated controlled 
emulsion mix and vacuum packaged separately in LDPE bags 
each packet contained one product each.  

Both products of control and inoculum were cooked at three 
different temperatures of 68 ºC, 70 ºC and 72 ºC for a period of 
5 min, 10 min, 15 min and 20 min to investigate the effect of 
pathogen survival at different time-temperature combinations. 

The core temperature of the meatballs was monitored using a 
calibrated digital probe thermometer, which was inserted into 
the center of the meatballs to ensure the desired temperature was 
achieved. At each given temperature, 6 different types of 
meatball samples were prepared; specifically, uninoculated 
meatball cooked at 68 ºC for 20 min, meatballs inoculated with 
Listeria monocytogenes cooked at 68 ºC for 5 min, 10 min, 15 
min and 20 min respectively. Similar set of meatball products 
were prepared at 70 ºC and 72 ºC for every independent 
experimental batch. In each set, an uncooked meatball 
inoculated with Listeria monocytogenes was also added. 
Similarly, meatball samples inoculated with 105 CFU/g (5 log 
CFU/g) bacterial culture of Yersinia enterocolitica were also 
inoculated and processed. 

2.4. Microbiological Analysis 

All microbiological analyses of pork meatballs prepared 
from meat emulsion inoculated with Listeria monocytogenes 
and Yersinia enterocolitica were determined according to the 
procedures described in ICMSF, 1998 [17]. Culture media 
procured from HiMedia Laboratories Pvt. Ltd., Mumbai, were 
used for enumeration of different microorganisms. Quantitative 
microbial analysis was performed using serial dilutions for each 
sample performed in duplicates. 1 g of meatballs cooked at 
different time-temperature combinations were enriched in 9ml 
Brain Heart Infusion (BHI) broth (HiMedia, M210I) and 
incubated at 37ºC for 18 h. After incubation, the enriched broth 
was used for microbial culture. Plates were prepared and the 
counts were expressed as colony-forming units (CFU) per gram. 
The plates for psychrophilic counts were incubated at 4±1ºC for 
48 h and colonies were counted. Yersinia enterocolitica was 
detected using Yersinia isolation agar (HiMedia, M564). The 
colonies with dark red centers and transparent boarders with 
approximately 0.5 mm diameter were counted. Listeria 
monocytogenes counts were also measured on PALCAM agar. 
Colonies judged to be borderline cases were also counted. 
Although enrichment culture was only applied for qualitative 
detection of viable bacteria below the direct detection limit, 
direct plate counting was used for quantitative microbiological 
enumeration in order to calculate log CFU/g and log reductions. 

2.5. DNA Isolation 

DNA was isolated from the cultured organisms. 100µl of 
broth was centrifuged at 14000 rpm for 15 min and the pellet 
was used for DNA extraction. The pellet of Yersinia 
enterocolitica and Listeria monocytogenes were transferred into 
1.5ml microcentrifuge tubes, resuspended in 50µl of 1X TAE 
(Tris-Acetate-EDTA) and vortexed for cell lysis. The 
microcentrifuge tubes were sealed with parafilm and kept at 
70ºC water bath for 15 minutes. After 15 minutes, immediately 
the tubes were placed at a -20 ºC for 15 minutes. After freezing, 
the microcentrifuge tubes were centrifuged at 8000 rpm for 15 
minutes and supernatant containing DNA of interest was 
extracted and stored at -20 ºC until further use.  

2.6. PCR Amplification 

PCR amplification of hlyA1 gene was performed on the 
extracted genomic DNA of Listeria monocytogenes using the 
hlyA1 primer sequence (F:5′-
GAATGTAAACTTCGGCGCAATCAG-3′; R:5′-
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GCCGTCGATGATTTGAACTTCATC-3′) [18]. The PCR 
reaction mixture was prepared by mixing 12.5 μL DreamTaq 
PCR Master Mix (Thermo Scientific), 0.5 μL each forward and 
reverse primers, 2 μL of DNA template and 9.5 μL of Nuclease 
Free Water (NFW) to make the reaction volume up to 25 μL. 
The PCR reaction was performed under the following 
conditions: denaturation at 94 ºC for 5 min, followed by 35 
cycles of denaturation at 94 ºC for 30 s, annealing at 52 ºC for 
1 min, extension at 72 ºC for 1 min and final extension at 72 ºC 
for 5 min. 

Similarly, amplification of 16S rRNA gene was performed 
for detection of Yersinia enterocolitica. The primers for 16S 
rRNA gene (F:5′-AATACCGCATAACGTCTTCG-3′; R:5′-
CTTCTTCTGCGAGTAACGTC-3′) were selected for 
amplification [19]. The amplification system was same with 
Listeria monocytogenes. The PCR reaction conditions were: 
denaturing at 94 ºC for 5 min and the cycle starts at 94 ºC for 
30 s, then annealing at 50 ºC for 1 min, extending at 72 ºC for 
1 min for 35 cycles in total and then a final extension at 72 ºC 
for 5 min. 

2.7. Statistical Analysis 

Statistical analyses were performed using R software 
(version 4.5.1) and IBM SPSS Statistics (version 20.0). The 
Wilcoxon rank-sum test was used to compare viable bacterial 
counts of Yersinia enterocolitica and Listeria monocytogenes. 
The differences in bacterial recovery among the various time-
temperature cooking combinations were evaluated using 
Kruskal-Wallis test. Effects of thermal treatments on bacterial 
recovery were further assessed using Firth's penalized logistic 
regression implemented in R. The significance of regression 
model was evaluated using likelihood ratio test, and regression 
coefficients with their corresponding P-values were used to 
assess the influence of each variable on bacterial survival. The 
statistical significance was considered at p < 0.05.  

3. RESULTS 

Processing the meat at different time-temperature 
combinations led to reduction of the recovery of psychrotrophic 
pathogenic bacteria Listeria monocytogenes and Yersinia 
enterocolitica, as observed in this study. Listeria 
monocytogenes and Yersinia enterocolitica were considerably 
less detectable in inoculated meatball samples after thermal 
treatment. Uncooked inoculation samples showed amplification 
(388bp for L. monocytogenes and 330bp for Y. enterocolitica) 
under all cooking temperatures. Samples cooked at 68 °C 
showed amplification for Listeria monocytogenes up to 15 min, 
but no discernible amplification was seen after 20 min of 
heating (Fig. 1a, Lane 5 and 6). Detectable amplification was 
observed after 5 min of heating at 72 ºC (Fig. 1e, Lane 3), while 
a faint band indicating amplification was observed after 15 and 
20 min at 70 °C (Fig. 1c, Lane 5 and 6).  

Yersinia enterocolitica, exhibited a similar amplification 
pattern with PCR amplifications in samples exposed to shorter 
cooking times.  Amplification was observed at 68 ºC for all 
inoculated meatballs treated at 5 to 15 min, while no 
amplification was observed at 20 min of thermal heating (Fig. 
1b, Lane 6). 

No amplification was detected after 5 min of thermal 
treatment at 70 ºC (Fig. 1d, Lane 4-6) (Fig. 1b, d). Moreover, 
thermal temperature of 72 ºC for 5, 10, 15 and 20 min resulted 
in complete elimination of detectable bacterial contamination 
(Fig. 1f, Lane 3-6), evident by absence of viable cells recovered 
by culture and no detectable PCR amplification. 

Both microorganisms exhibited similar inactivation 
patterns, with substantial reductions observed at 68°C and near-
complete elimination at ≥70°C after prolonged exposure (Fig. 
2a & b). At 72°C, viable recovery was minimal, with only 
transient low-level detection at 5 min, after which no culturable 
cells were recovered. Percent reduction and log-reduction 
analyses further confirmed progressive thermal lethality, 
approaching complete inactivation under higher temperature-
time combinations. 

No significant differences were observed in the non-
parametric comparison of viable bacterial counts between the 
two organisms in the study (Wilcoxon rank-sum test, W = 21.5, 
p = 0.748). The effect of temperature on viable bacterial counts 
was not statistically significant (Kruskal-Wallis test, χ² = 5.75, 
df = 2, p = 0.056), although a reduction in viable counts was 
observed with increasing temperatures. Moreover, thermal 
treatment alone did not significantly affect the viable bacterial 
counts (Kruskal–Wallis test, χ² = 6.71, df = 4, p = 0.152).  

Binary bacterial culture detection outcomes were analyzed 
using Firth’s penalized logistic regression.  The likelihood ratio 
test indicated that the overall model was statistically significant 
(Likelihood ratio = 15.40, p = 0.0015). The increasing 
temperature was associated with significantly lower odds of 
viable bacterial detection (β = -1.229, p = 0.0008), while the 
increase in cooking time independently reduced the odds of 
bacterial detection (β = -0.297, p = 0.0076). 

No significant effect of both bacterial species Y. 
enterocolitica vs L. monocytogenes was observed (p = 1.000), 
supporting equivalent thermal susceptibility between the two 
pathogens. PCR based detection showed presence of bacterial 
DNA even in the conditions where culture recovery was absent, 
suggesting that amplified bacterial DNA persisted despite loss 
of bacterial viability.  

4. DISCUSSION 

The current study infers that survival and detection of 
Listeria monocytogenes and Yersinia enterocolitica inoculated 
meatballs decreased with increasing time and temperature.  
Moreover, the viable counts of both pathogens gradually 
decreased thereby demonstrating the bactericidal effect on heat 
treatment [20, 21]. The effectiveness of prolonged processing at 
higher temperature, was evident by the near total elimination of 
viable cells processed at 72 °C for 20 min. The pattern of 
microbial reduction observed at temperature greater than 70 ºC 
indicates that processing meat products at temperatures ≥70 ºC 
were highly successful in inactivating both pathogens (Fig. 2a). 
These results support earlier studies, indicating that prevention 
of foodborne pathogens in meat products requires proper time-
temperature thermal processing [22, 23] and is essential for 
achieving significant reductions in bacterial count of Listeria 
monocytogenes and Yersinia enterocolitica in meat products 
[22-28].  
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Fig. (1). Gel electrophoresis images showing the amplification of Listeria monocytogenes cooked at a) 68⁰C, c) 70⁰C, e) 72⁰C and 
Yersinia enterocolitica cooked at b) 68⁰C, d) 70⁰C, f) 72⁰C. 
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Fig. (2). (a) Box plot indicating the distribution of viable counts (log CFU/g) of Listeria monocytogenes and Yersinia enterocolitica 
post thermal treatment. (b) Percentage reduction in viable counts at different cooking time-temperature combinations, indicating 
increased bacterial inactivation with higher temperatures and longer exposure durations. 

Under the experimental conditions, the lack of significant 
differences in thermal survival between the two organisms 
indicates similar heat susceptibility [28]. Furthermore, a logistic 
regression analysis clearly demonstrated that increasing the 
cooking temperature and time significantly reduced the 
likelihood of bacterial recovery, with temperature having a 
significant impact [1, 24]. Statistical modelling demonstrates 
that various time-temperature combination of cooking had a 
profound impact on microbial recovery, where the effect of 
temperature was found to be most significant [29]. For heat-
treated samples, when cultures were not recovered, PCR based 
analysis aids by amplifying the gene of interest. The difference 
in culture based and PCR based analysis may be due to the 
preservation of DNA from dead, damaged or VBNC cells prior 
to heat exposure [30]. Therefore, culture-based techniques are 
more representative of microbial viability till date, even though 
PCR is still a sensitive detection tool [31, 32].  Overall, the study 
highlights how crucial adequate heat treatment for proper time 
period is necessary for enhanced microbiological safety of 
meat products, especially cooking at 72 ºC for 10-20 minutes. 

In this study, culture-based and PCR-based analysis were 
performed to determine presence of target pathogens after 
thermal-processing. The culture-based analysis determined 
presence of targeted pathogens, while PCR detection identified 
the pathogen specific DNA with higher sensitivity. In heat-
treated bacterial samples, culture-based methods may not 
recover viable bacteria due to thermal inactivation of bacterial 
cells whereas PCR-based detection can still detect bacterial 
DNA [33]. This observation may be attributed to the persistence 
of amplifiable DNA from dead or damaged bacterial cells 
following heat treatment rather than definitive evidence of 
VBNC cells [34]. As PCR is a rapid and highly sensitive tool 
for detecting pathogen DNA, the combined use of both the 

methods helps in identifying more comprehensive assessment 
of bacterial survival on thermal processing [35].  

CONCLUSION 

The present study demonstrated that thermal processing 
significantly lowers the survival and detectability of Yersinia 
enterocolitica and Listeria monocytogenes in contaminated 
pork meatballs. As cooking temperature and time increased, 
viable bacterial counts gradually decreased, demonstrating the 
potent bactericidal action of heat treatment. There were no 
visible organism-specific differences observed in microbial 
recovery under the investigated circumstances and both 
infections showed similar thermal susceptibility. Cooking at 72 
ºC for 10-20 min was determined to be the most successful 
treatment among the assessed temperature-time combinations, 
leading to near-total elimination of cultured cells and a 
significant decrease in pathogen detectability. Statistical 
analyses further established that increasing temperature and 
cooking time significantly reduced the probability of survival of 
the pathogenic bacteria, with temperature exerting the greatest 
influence on microbial inactivation. In some heat-treated 
samples, PCR-based detection showed amplification of the 
pathogenic DNA even after the absence of bacteria during the 
culture recovery, suggesting the potential presence of VBNC 
cells or residual amplifiable DNA even after thermal exposure 
for less time period. Culture-based techniques provide a more 
genuine indication of real microbial viability followed by heat 
treatment, although PCR turned out to be a quick and sensitive 
molecular detection tool. Overall, the study summarizes how 
crucial proper thermal processing for adequate time period is for 
the microbiological safety of pork products and offer important 
scientific proof for creating efficient cooking and food safety 
protocols meant to reduce the risk of foodborne pathogens in 
meat products stored at chilled storage. 

 a  b 
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