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1. Introduction
abstract
The fate of main microbial pathogens during production and storage of pork- and beef-based dry fer mented sausages was evaluated. The production process resulted in 1.4 log reduction of Salmonella Typhimurium in pork sausages, 1.3 log reduction of Escherichia coli O157 in beef sausages, and 0.8 and 0.5 log reductions of Listeria monocytogenes in pork and beef sausages respectively, compared to initial levels. After 45 days of storage, additional 1.9 log reduction of S. Typhimurium in pork sausages, 1.3 log reduction of E. coli O157 in beef sausages, and 0.9 log reduction of L. monocytogenes in pork, but none in beef, sausages were observed. Furthermore, the potential of pasteurization of finished dry, fermented sausages typical of the meat processing industry in Serbia, to reduce pathogens Salmonella and L. monocytogenes in pork sausages, and E. coli O157 and L. monocytogenes in beef sausages, by using selected temperature-time regimes allowing for subsequent sensory acceptability of the product was evaluated. Overall, the results confirmed that post-processing pasteurization of finished dry fermented sausages has the potential to eliminate Salmonella and E. coli O157 from pork and beef sausages, respectively, while still maintaining acceptable sensory quality of the finished product. However, L. monocytogenes proved to be comparably markedly more heat resistant in both types of sausages, so further research is required to acceptably reduce numbers of this pathogen in dry fermented sausages.
© 2015 Elsevier Ltd. All rights reserved.
(VTEC) from beef and Salmonella from pork. Comparably, Listeria
monocytogenes causes less concern in the safety of fermented
Dry fermented sausages are mainly considered as microbiolog ically relatively safe products, the safety assurance of which relies on sufficient anti-pathogen effects of multiple antimicrobial factors according to the so-called “hurdle concept”. However, in cases of initial contamination of the raw materials with higher levels of pathogenic bacteria and/or insufficient control of the antimicrobial factors, the safety of these products can become compromised. Over the past decade in European countries, epidemiological in vestigations have pointed at several foodborne disease outbreaks associated with the consumption of dry fermented sausages (Heir et al., 2013). The main bacterial hazards of concern in this type of ready-to-eat product include Verocytoxigenic Escherichia coli
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sausages, as long as the hygiene of the meat processing environ ment is maintained appropriately.
Salmonella is one of the most frequently reported foodborne pathogens excreted by meat-producing farm animals, especially poultry and pigs, and consequently found in/on meat and meat products thereof. During manufacturing of dry fermented sausages, high initial contamination of raw meat and possibly non-meat in gredients with Salmonella, failures in processing conditions and/or post processing contamination, especially of sliced products, can create a risk of salmonellosis (Gieraltowski et al., 2013; Scavia et al., 2013; Skandamis & Nychas, 2007).
Healthy ruminants, particularly bovines, are the principle reservoir for VTEC, especially O157:H7 serotype, which can cause bloody diarrhoea and, in some cases, hemolytic-uraemic syndrome or thrombotic thrombocytopenic purpura, all life-threatening conditions in humans. The main pattern of meat contamination is
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transfer of faecal contamination containing the pathogen from the hide onto the carcass, most frequently during de-hiding but sometimes at evisceration as well. Consequently, as further spread of the contamination can occur during operations including boning, cutting and mincing of meat, large amounts of meat products can be contaminated with this pathogen (Laury, Echeverry, & Brashears, 2009). The low infectious dose of VTEC, associated with its relative acid tolerance allowing survival even under usual processing conditions in some cases, poses a potential risk for the consumers (Nørrung & Buncic, 2008).
L. monocytogenes is a ubiquitous, psychrotrophic pathogen well known for its ability to form biofilms and colonise meat processing and handling environments. Although the contamination can occur in any part of the meat chain, its frequency increases at the latter stages (Thevenot, Delignette-Muller, Christieans, & Vernozy Rozand, 2005). Several outbreaks of listeriosis in different coun tries have been linked to the consumption of ready-to-eat products including meat (Anonymous, 2014). The production process hy giene assurance is the key element for control of this pathogen in foods (Buncic & Avery, 2004).
However, published data indicate that production processes of dry, fermented sausages alone can only reduce counts of these pathogens in the products to a smaller or larger extent, but cannot reliably and entirely eliminate them. Therefore, additional path ogen reduction measures are required for these products, to ensure sufficient risk-reduction particularly in cases of higher initial contamination.
A number of studies on the use of various strategies to ensure inactivation of the main bacterial pathogens in fermented meats have been published (Holck et al., 2011; Porto-Fett et al., 2010). One of the suggested approaches is based on pasteurization of dry, fermented sausages, which has been commercially used in the USA but not in Europe (Anonymous, 2001). In principle, the pasteuri zation treatment can be applied to incoming raw meat, after fermentation or to the finished sausages. A recent study indicated that decontamination of incoming raw meat by lactic acid-hot water (80e90  C) combinations resulted in around 3.6e3.9 log reductions of inoculated E. coli O157 and Salmonella Typhimurium, and a minor reduction of L. monocytogenes, in finished dry, fer mented sausages (Blagojevic et al., 2015). However, such high temperatures cannot be applied in pasteurization of the finished sausages due to unacceptably detrimental effects on product quality. With respect to lower pasteurisation temperatures applied to finished dry, fermented sausages to reduce bacterial pathogens, the available information is limited (Heir et al., 2013; Rode, Holck, Axelsson, Høy, & Heir, 2012; Shay & Souness, 1995). Varying pathogen reduction rates were reported and it appears that they can be influenced by the specific physicochemical parameters and the microbiota characteristics of the sausage types in question. No such studies have been published for dry fermented sausages produced in Serbia. For these reasons, the main objective of the present study was to evaluate the pathogen reduction potential of pasteurization of finished pork- and beef-based dry, fermented sausages typical of the meat processing industry in Serbia, by using temperature regimes allowing for subsequent sensory acceptability of the product.
2. Material and methods
2.1. Preparation of inocula of the bacterial pathogens
Two strains of E. coli O157 (ATCC 35150; and an isolate from bovine cecum e own collection), two strains of Salmonella Typhimurium (ATCC 14028; ATCC 13311) and five strains of L. monocytogenes (ATCC 19115; ATCC 19114; ATCC 19112; an
isolate from beef sausage (“Sudzuk”); and an isolate from smoked beef rib eye steak e the last two from our own collection), were used. Stock cultures were stored at  20  C in MICROBANK cryo vials (Pro-Lab Diagnostics, Canada). All organisms were sub cultured twice in Brain Heart Infusion broth (BHI, Oxoid; UK) at 37  C, for 20 and 24 h, respectively, before preparation of inocula. For each strain/isolate, cell counts in broth cultures were deter mined by spread plating 100 ml volumes of decimal dilutions on SMAC agar containing cefixime (0.025 mg/500 ml) and potassium tellurite (1.25 mg/500 ml) (CT-SMAC, Oxoid) for E. coli O157, xylose lysine deoxycholate (XLD; Oxoid) for Salmonella, and PALCAM Listeria Selective agar (PLS; Merck, Germany) with sup plement (PALCAM Listeria Selective Supplement acc. to Van Net ten; Merck) for L. monocytogenes. For each pathogen, all the strains/isolates were mixed in approximately equal proportions, to obtain a cocktail-strain inoculum, and an appropriate volume of the inoculum was added to sausage batter to produce approximately 106 CFU of the each species of pathogen per gram of the batter.
2.2. Production of dry, fermented sausages
Two types of dry fermented sausages, popular in Serbia, were used: a pork-based type (“Sremska”) and a beef-based type (“Sudzuk”). The composition of pork sausages was: pork meat 65%, pork back fat 30%, spices 2.5%, (paprika, chillies, coriander, pepper, garlic), NaCleNaNO2 mixture (ratio 99.5%: 0.5%) 2.5%, TARI® S77 0.6% (glucono-d-lactone 42.5%, dextrose 42.5%, NaCl 12.5%, sodium isoascorbate 2.5%), 0.2% dextrose. Composition of beef sausages was: beef meat 65%, tallow 30%, spices (garlic, onion, paprika, extract of nutmeg, coriander and pepper) 0.5%, NaCleNaNO2 mixture 2.5%, TARI® S77 0.6%, dextrose 0.2%. Both types of sausages were manufactured by natural fermentation i.e. without starter cultures. Frozen raw material meat trimmings and fatty tissue had been left to defrost in the chiller and then chopped in a cutter (Seydelmann, Germany; to particles of about 5 mm diameter) in a single, commercial meat processing plant, then transported under refrigeration to the University workshop and chilled-stored. The following day, the chopped raw material was divided into three portions. Each of two of the portions was inoculated with a selected strain-cocktail of pathogens (see section 2.1) using an aerosol pump and mixed in a mixer (RM20R, Mainca, UK) for 10 min. The portion of chopped raw material for pork sausage was inoculated with Salmonella Typhimurium and L. monocytogenes strain-cocktails, while the portion of chopped raw material for beef sausage was inoculated with E. coli O157 and L. monocytogenes strain-cocktails. Then, spices and additives were added to each portion and mix ing was continued for an additional 4 min to obtain the two sausage batters. Using a manual stuffer (FM 10, Mainca; Spain), batters for pork sausages and beef sausages were stuffed into natural pork casings (32e34 mm, CDS; Germany) and collagen casings (36 mm; Viscofan, Serbia), respectively, and placed in an automatic climate controlled chamber (Stagionello; STG 100 MTF; Italy) for fermen tation and drying. Both pork and beef control sausages were pre pared from the remaining third portion of chopped raw materials in an identical manner described above, but without inoculation with pathogens. The process of ripening (fermentation and drying) of sausages lasted 15 days for both types of sausages under the following temperature/relative air humidity conditions: 1st day: 20  C/95%; 2nd day: 19  C/90%; 3rd day: 18  C/85%; 4th day: 17  C/ 80%; 5th day: 16  C/75%; and 6th to 15th day: 15  C/75%. Smoking was applied for 2 h daily, from the 3rd to5th day and at the end of the ripening (15th day), sausages were vacuum-packed individually and stored at 4  C.

402 M. Ducic et al. / Food Control 59 (2016) 400e406

2.3. Microbial and physicochemical analyses of the sausages during the production process
For microbiological, physicochemical and sensory analyses, at least six samples of each type of sausages were used per each testing point, on the days as indicated in the Results section.
2.3.1. Sampling for microbiological analysis
Amounts (25 g) of the different portions of each batter type and of cross sections from the centre of each of the sausage types were added to 225 ml of Maximum Recovery Diluent (MRD; Oxoid) in filter bags (Nasco, Whirl-pack 15e23 cm; USA), then homogenized with a stomacher (easyMIX, BioMerieux, France) for 3 min, and further decimal dilutions were made in MRD.
2.3.2. Microbiological analysis
2.3.2.1. Determination of total viable count (TVC). One ml volumes from appropriate sample dilutions were spread onto Aerobic Count Plate Petrifilms (3M Health Care, St. Paul USA), incubated at 30  C for 72 h and the colonies counted (AFNOR validated method 3M 01/ 1-09/89).
2.3.2.2. Enterobacteriaceae count (EBC). One ml volumes of sample homogenates or their appropriate dilutions were spread onto Enterobacteriaceae Count Plates Petrifilms (3M Health Care, St. Paul), incubated at 37  C for 24 h and typical colonies were counted (AFNOR validated method 3M 01/06 09/97).
2.3.2.3. Generic Escherichia coli count (ECC). One ml volumes of sample homogenates or their appropriate dilutions were spread onto E. coli/Coliform Count Plates petrifilms (3M Health Care, St. Paul), incubated at 37  C for 48 h and typical colonies were counted (NordVal validated method 3M 014-11).
2.3.2.4. Lactic acid bacteria count (LAB). After sample homogeni sation and decimal dilutions in MRD, final dilution steps were made in de Man, Rogosa and Sharpe broth (MRS, Biokar Diagnostics, France) and one ml volumes were spread onto Aerobic Count Plate Petrifilms (3M Health Care). Inoculated Petrifilms and one bag of Anaerocult C® (Merck) were placed in anaerobic jars (Merck) and incubated at 30  C for 48 h.
2.3.2.5. Bacterial pathogens. Counts of Salmonella Typhimurium, E. coli O157 and L. monocytogenes were determined by spread plating on XLD agar, incubated at 37  C for 24 h, CT-SMAC agar (Oxoid, UK) incubated at 37  C for 24 h and PLS agar incubated at 37  C for 48 h, respectively, and counting typical colonies. Repre sentative colonies of each pathogen were confirmed: E. coli O157 by Dry Spot O157 latex agglutination test (Oxoid), S. Typhimurium by Salmonella Antisera (Pro-Lab Diagnostics, Canada) and L. monocytogenes by using an immunochromatographic rapid test (Singlepath® L'mono; Merck).
2.3.3. Physicochemical analysis
Water activity in sausage samples was determined with LABSwift-aw set Euro-plug&BAT equipment (Novasina, Switzerland), whilst pH was determined by a hand-held pH meter (Testo 205; Germany), both used according to the manufacturer's instructions.
2.4. Determination of pathogens' inactivation kinetics during pasteurization in finished sausage
2.4.1. Heat treatment of sausages
For each type of inoculated sausage, six sausages were tested per each sampling point during the pasteurization. Sausages were individually packed in duplicate waterproof food bags (HDPE ma terial, 8 mm thickness) and submerged in a waterbath, pre-heated to and maintained at the given temperature (±0.2  C) as indicated below for every time point. The internal temperature was moni tored using a waterproof thermometer sensor (AMT-105; Amtast, Florida, USA), inserted into the centre of selected sausages for each pasteurization batch.
To determine pasteurization inactivation kinetics of the patho gens, heat treatments of inoculated sausages were performed un der the following regimes: for Salmonella: 47  C, 50  C, 53  C; for E. coli O157: 54  C, 57  C, 59  C; and for L. monocytogenes: 66  C. Measurement of the pasteurization duration time started when the targeted internal temperature was reached. Then, for each tem perature and pathogen, three time points were measured during pasteurization, and at each time point, six sausages were removed from the waterbath, immediately cooled to approximately 25  C with running tap water, and tested to determine the pathogens counts. For practical reasons, and because the sausage diameter was small, effects of the sausage heating and cooling stages on the three pathogens was not evaluated. Nevertheless, data on the time temperature dynamics of the heating and cooling stages is provided in Table 1.
2.4.2. Determination of pathogens counts in the sausages Samples (40e60 g) removed from the centre of each sausage removed from the waterbath were diluted in filtered stomacher bags by adding 120e180 ml of MRD, and homogenized in the stomacher for 5 min. For the enumeration of E. coli O157 and Sal monella Typhimurium, methods to recover injured cells were applied. Homogenate (1 ml) from each stomacher bag and from appropriate decimal dilutions were spread onto four Tryptone Soya Agar plates (4   250 ml, Oxoid), with incubation for 2 h on 37  C and after that, plates were overlaid with 8e10 ml of CT-SMAC and XLD agar, respectively and incubated at 37  C for 24 h (Kang & Fung, 2000; Riordan et al., 2000). Homogenates of samples of both type of sausages were also spread directly onto selective PLS agar plates (48 h, 30  C), to quantify the total number of L. monocytogenes. The typical colonies were confirmed immunochromatographically in the same manner as indicated above.
2.4.3. Determination of pathogens' pasteurization inactivation kinetics
For each pathogen and each pasteurization temperature, the decimal reduction time (D-value) pathogen was determined. Heat inactivation parameters were determined at three heating dura tion/sampling points. D-values were calculated from the survival curves using linear regression analysis. The Z values were estimated by computing the linear regression of log10 D values versus their heating temperatures.
2.4.4. Sensory analysis
The overall acceptability of heat-treated finished sausages were scored by a trained six-member sensory panel using a 1 to 7 point scale.
2.5. Statistical analyses
Determination of mean values, standard deviation and analysis of variance (ANOVA) followed by Tukeys test for the significances of
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Table 1
Temperature-time rates of the heating and the cooling stages of the pasteurization treatments of the finished fermented sausages. Stages Pork sausages (“Sremska”) Beef sausages (“Sudzuk”)
Pasteurization carried out at Pasteurization carried out at
47  C 50  C 53  C 66  C 54  C 57  C 59  C 66  C
Heating stagea 0.7  C/min 0.9  C/min 1.0  C/min 1.2  C/min 0.8  C/min 1.0  C/min 1.0  C/min 1.3  C/min Cooling stageb 0.5  C/min 1.3  C/min 1.5  C/min 2.6  C/min 1.8  C/min 2.1  C/min 2.3  C/min 2.6  C/min
a Rates from 22.5  C to specified pasteurization temperature.
b Rates from specified pasteurization temperature to 45.0  C.
Table 2
Ultimate changes of background microbiota in uninoculated, unpasteurized fermented pork (“Sremska”) and beef (“Sudzuk”) sausages during the production process. Time Total viable count Enterobacteriaceae count Generic Escherichia coli count Lactic acid bacteria count
log10 cfu/g ± SD
Pork sausages
0 day 5.9 ± 0.1 3.8 ± 0.1 1.8 ± 0.2 5.7 ± 0.2 15th daya 8.4 ± 0.1 1.7 ± 0.2 0 8.6 ± 0.2 Change (15th versus 0 day) þ2.5  2.1  1.8 þ2.9 Beef sausages
0 day 6.0 ± 0.2 3.2 ± 0.1 0.4 ± 0.6 5.5 ± 0.2 15th daya 8.2 ± 0.1 2.1 ± 0.2 0 8.3 ± 0.1 Change þ2.2  1.1  1.2 þ2.8
a End of the production process.

differences between grouped data was conducted by using Statis tica Version 12 software (Stat Soft, Inc., Tulsa, USA).
3. Results and discussion
3.1. Sausages not subjected to pasteurization
3.1.1. Uninoculated sausages during the production process Initial background microbiota loads were relatively high in both pork and beef sausages that were not subjected to either inocula tion with pathogens or pasteurization (Table 2), although they were produced under experimental, non-commercial conditions. This might have been a reflection of suboptimal hygienic status of incoming raw materials and/or processing environment in the meat processing plant which supplied all the sausage ingredients. Nevertheless, counts of TVC and LAB were similar to those in commercially produced fermented sausages in some other in vestigations (Comi et al., 2005; Drosinos et al., 2005; Fontana, Cocconcelli, & Vignolo, 2005). Higher numbers of enteric in dicators (Enterobacteriaceae, E. coli) could be indicative of a po tential risk of enteric pathogens such as Salmonella and E. coli O157 (Tortorello, 2003).
Table 3
“Natural” reductions of selected bacterial pathogens and main physicochemical parameters in inoculated fermented, unpasteurized pork sausages (“Sremska”).
Time Salmonella Typhimurium Listeria monocytogenes pH aw log10 cfu/g ± SD
0 daya 5.9 ± 0.1 5.8 ± 0.1 5.50 0.93 4th daya 5.2 ± 0.1 5.0 ± 0.1 4.80 0.91 8th daya 5.1 ± 0.2 5.0 ± 0.1 4.85 0.88 15th daya 4.5 ± 0.1 5.0 ± 0.1 4.86 0.85 25th dayb 3.7 ± 0.2 4.7 ± 0.1 ND ND
30th dayb 3.4 ± 0.2 4.5 ± 0.2 4.94 0.85 60th dayb 2.6 ± 0.2 4.1 ± 0.2 4.93 0.86 TR 1.4 0.8 0.67 0.08 OR 3.3 1.7 0.60 0.07
a Production process.
b Storage; SD e Standard deviation; TR e Total reduction observed during pro duction period (0 day versus 15th day); OR-Overall reduction observed after pro duction and storage (0 day versus 60th day); ND-Not determined.
Ultimate changes of background microbiota in control sausages followed a typical pattern (Table 2); exposure to salt, lack of oxygen and the pH drop create favourable conditions for rapid LAB growth, whilst the initially predominant aerobic, chilled meat microbial groups, including Enterobacteriaceae, become suppressed and reduced during ripening (Lücke, 2000).
3.1.2. Inoculated sausages during the production process The changes of pH and water activity in the inoculated beef and pork sausages (Tables 3 and 4) generally followed patterns observed in the uninoculated sausages and can be considered as typical for fermented, dry sausages. The only exception was the initial water activity of the sausages, which was slightly lower than usually expected. This was likely due to the freezingedefrosting cycle applied to the raw material before mincing and cold-storage for a day after mincing.
In inoculated, unpasteurized pork sausages the production process resulted in reduction of Salmonella Typhimurium by 1.4 logs, compared to initial levels. The main reasons for the Salmonella reduction are likely to have been the combined effects of low pH and reduced water activity (aw) (Table 3), as well as the presence of nitrites and potential antagonistic effects of LABs. In other studies,
Table 4
“Natural” reductions of selected bacterial pathogens and main physicochemical parameters in inoculated fermented, unpasteurized beef sausages (“Sudzuk”).
Time Escherichia coli O157 Listeria monocytogenes pH aw log10 cfu/g ± SD
0 daya 6.1 ± 0.1 5.9 ± 0.1 5.58 0.93 4th daya 5.9 ± 0.1 5.6 ± 0.2 5.22 0.93 8th daya 5.7 ± 0.1 5.7 ± 0.1 5.08 0.91 15th daya 4.8 ± 0.2 5.4 ± 0.1 5.25 0.83 30th dayb 3.7 ± 0.2 5.3 ± 0.1 5.30 0.84 60th dayb 3.5 ± 0.4 5.3 ± 0.1 5.32 0.84 TR 1.3 0.5 0.33 0.1
OR 2.6 0.6 0.26 0.09
a Production process.
b Storage; SD e Standard deviation; TReTotal reduction observed during pro duction period (0 day versus 15th day); OR-Overall reduction observed after pro duction and storage (0 day versus 60th day).
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Table 5
Heat inactivation of Salmonella Typhimurium and Listeria monocytogenes in inoculated fermented, pasteurized pork sausages (“Sremska”). Pasteurisation temperature Salmonella Typhimurium Listeria monocytogenes D-value (min) r2 Time required for 6.5log reduction (min) D-value (min)
47  C 60.0 0.978 390.0 IR 50  C 8.0 0.919 52.0 IR 53  C 3.4 0.857 22.1 IR 66  C UQ UQ 87.4a
D e Decimal reduction time; IR e Not determined due to insufficient reduction effects; UQ e Not determined due to unacceptable sausage quality deterioration at that temperature.
a Determined, but unacceptable sausage quality deterioration at that temperature.
between 1 and 3.5 log (Getty, Phebus, Marsden, Fung, & Kastner,
2000; Holck et al., 2011). It was observed that E. coli O157 re
ductions in beef sausages (Table 4) were somewhat smaller than
Salmonella in pork sausages (Table 3), which may be primarily the
consequence of higher acid-resistance of E. coli O157, compared to
Salmonella (McClure & Hall, 2000; Olesen & Jespersen, 2010).
Potentially, an additional contributing factor to that observation
may be the somewhat higher pH in beef sausages, compared to
pork (Tables 3 and 4), although the reasons for that are unclear, as
pH in beef is commonly lower than in pork.
L. monocytogenes was reduced only by 0.8 and 0.5 log in pork
and beef sausages, respectively, during the production process.
During subsequent storage of 45 days, reduction in pork sausages
was increased by an additional 0.9 log, but not in beef sausages.
These findings are in general agreement with the results of other
studies carried out with sausages inoculated with high numbers of
the pathogen and manufactured with starter cultures (Nightingale
et al., 2006; Nissen & Holck, 1998; Porto-Fett et al., 2008, 2010).
However, in fermented sausages without starters, comparably

Fig. 1. Z value for S. Typhimurium in pork sausages (A).
comparably greater reduction were reported at the end of the ripening process, ranging from 2 to 4.8 log10 CFU/g (Ihnot, Roering, Wierzba, Faith, & Luchansky, 1998; Nightingale, Thippareddi, Phebus, Marsden, & Nutsch, 2006; Nissen & Holck, 1998; Porto Fett et al., 2008, 2010). After 45 days of storage at 4  C, an addi tional 1.9 log reduction of Salmonella was observed, which was smaller than the 3.5 log decrease reported by Porto-Fett et al. (2008). In contrast, Ihnot et al. (1998) and Nissen and Holck (1998) reported reductions of 1.7 logs after 56 days and <1 log af ter 25 days of storage, respectively.
Concerning E. coli O157, the production process resulted in a reduction of 1.3 logs, and a total 2.6 log reduction was observed after six week's storage of finished sausages, compared to initial levels (Table 4). Similarly as with Salmonella, the main reasons for that seem likely to be combined inhibitory effects of low pH, reduced aw, nitrites and competitiveness of LAB. Reduction rates for E. coli O157 in fermented sausages in other investigations ranged
Table 6
higher L. monocytogenes reduction levels were reported by Buncic, Paunovic, and Radisic (1991), while in the study of Caklovica et al. (2005) values ranged from 1 up to 5 log, during production of different types of sausages. These differences in findings emphasize the impacts of factors such as fermentation and drying parameters, size of the pathogen's inoculum, as well as characteristics of isolates used in different studies (Koutsoumanis & Sofos, 2005; Nightingale et al., 2006; Thevenot et al., 2005). Smaller reductions of L. monocytogenes as compared to Salmonella and E. coli O157 are probably due to its well-known relatively high resistance to envi ronmental factors and particularly to salt (Anonymous, 2014).
Overall, the results considered above indicate that finished, dry fermented sausages could contain surviving pathogens if they had been present initially in relatively higher counts. This fact repre sents a food safety and public health concern in respect to all three pathogens, but especially in respect to E. coli O157, being potentially able to cause foodborne disease even when present at lower levels compared to the other two pathogens. Consequently, application of an additional risk-reduction measure e pasteurization of finished sausages e was investigated.

Heat inactivation of Escherichia coli O157 and Listeria monocytogenes in inoculated fermented, pasteurized beef sausages (“Sudzuk”). Pasteurisation temperature Escherichia coli O157 Listeria monocytogenes D-value (min) r2 Time required for 5log reduction (min) D-value
54  C 37.9 0.999 189.5 IR 57  C 14.0 0.805 70.0 IR 59  C 8.0 0.979 40.0 IR 66  C UQ UQ 101.8a
D e Decimal reduction time; IR e Not determined due to insufficient reduction effects; UQ e Not determined due to unacceptable sausage quality deterioration at that temperature.
a Determined, but unacceptable sausage quality deterioration at that temperature.
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cooking times in chain conveyor systems, commonly used for production of small sausages, such as frankfurters, are typically 30e70 min (Hanson, 2004). However, pasteurization at 47  C, which required a number of hours for a 6.5 log Salmonella reduction (Table 5), probably would be considered as impractical by industry. The Z values for Salmonella in the pork sausages are shown in Fig. 1. E. coli O157 D-values determined in beef sausages pasteurized at
54  C, 57  C and 59  C indicated that for a 5 log reduction, pasteurization treatments of roughly 3 h, 1e1.5 h and 40e50 min, respectively, would be required (Table 6). Moreover, all these heat treatments might be considered as workable and acceptable in industrial practice e but the latter seem more practical. The Z values for E. coli O157 in the beef sausages are shown in Fig. 2.
In contrast to Salmonella and E. coli O157 results, preliminary
investigations (results not shown) indicated that L. monocytogenes D-values in both pork and beef sausages at temperatures below 66  C did not pose any practical potential as the inactivation rates achievable were relatively minor. Hence, only D-values obtained at 66  C are indicated, for illustration purposes only, and even those

Fig. 2. Z value for E. coli O157 in beef sausages (B).
3.2. Post-processing pasteurization of fermented sausages
According to requirements and recommendations in Canada (Anonymous, 2000) and the USA (Anonymous, 2001), it is neces sary to achieve 5 and 6.5 log reduction of VTEC and Salmonella, respectively, through the production process, to ensure microbio logically safe dry, fermented sausage. Pasteurization at higher temperatures enables faster inactivation of pathogens; however, this is associated with more detrimental effects on the sensorial quality of sausages compared to pasteurization at comparably lower temperatures (Calicioglu, Faith, Buege, & Luchansky, 2002; Hinkens et al. 1996). Meat proteins denature strongly at approxi mately 60  C (Hanson, 2004), while the temperature of fat melting is considerably lower. Preliminary investigations (results not shown) indicated that, generally, pasteurization treatments of pork sausages at >53  C and of beef sausages at >59  C lead to an un acceptable reduction in their sensorial quality, reflecting the dif ferences in the fatty acid saturation and the fat melting points between the two. Hence, only pasteurization regimes below these temperatures for the respective sausages were applied in the cur rent study.
Salmonella D-values determined in pork sausages pasteurized at 50  C and 53  C indicated that for a 6.5 log reduction, heat treat ments of roughly 40e50 and 20 min, respectively, would be required (Table 5). These temperature/time treatments might be considered as workable and acceptable in industrial practice, since
Table 7
would have required 1.5e2 h pasteurization for 1 log reduction (Tables 5 and 6; Anonymous, 2014). The quality of sausages pasteurized at this temperature was very obviously unacceptable and the sausages were not subjected to the sensory analyses.
It should be kept in mind that the pathogens' heat inactivation in this study was assessed only during the application of the target pasteurisation temperatures in the centre of the sausages, as D- and Z-values were calculated from bacterial counts determined when the target temperature was reached and then throughout its duration. The effects of the heat on the pathogens during heating to, and cooling from, the target temperature was not considered, for practical reasons and because the sausage diameter was small, but the temperature-time rates during the heating and the cooling stages are indicated in Table 1. Overall, if some proportion of the pathogens' load died off during heating/cooling stages, the overall heat inactivation of the pathogens would have been even more efficient than the presented results. In other words, any systemic error would underestimate pathogen inactivation (meaning sau sages would actually be safer) rather than overestimate it (meaning sausages would actually be riskier).
On the other hand, uninoculated finished sausages were also subjected to selected pasteurization treatments that expectedly would have reduced Salmonella and E. coli O157 by 6.5 and 5 logs, respectively, and then evaluated by a trained sensory panel in comparison with uninoculated and unpasteurized sausages (Table 7). The results indicated not only that the total sensorial acceptability of both pork and beef sausages after pasteurization was not reduced, but even that it was somewhat better scored in some cases than the unpasteurized sausages. Fat-out is the only

Changes of sensorial acceptability of fermented sausages due to selected pasteurization regimes.
Pasteurisation regimesc Overall sensorial acceptabilitya of sausagesb
A. Non-pasteurised B. Pasteurised (post-processing) Change of overall sensorial acceptability (B-A)
Pork sausages (“Sremska”)
47  C/6.5 h 5.83 ± 0.26 6.33 ± 0.26 þ0.50D 50  C/52.0 min 5.83 ± 0.26 6.83 ± 0.26 þ1.00D 53  C/22.1 min 5.83 ± 0.26 5.92 ± 0.38 þ0.09 Beef sausages (“Sudzuk”)
54  C/3.16 h 5.83 ± 0.41 6.83 ± 0.26 þ1.00D 57  C/70.0 min 5.83 ± 0.41 5.92 ± 0.49 þ0.09 59  C/40.0 min 5.83 ± 0.41 6.50 ± 0.31 þ0.67D
D e Difference B versus A statistically significant (p < 0.05).
a Determined by a sensory panel using scoring scale from 1 to 7.
b Not inoculated with pathogens.
c Targeting 6.5 log reduction of Salmonella in pork sausages or 5 log reduction Escherichia coli O157 in beef sausages.
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negative consequence of thermal treatments of dry fermented sausages (Shay & Souness, 1995), but this occurred only to a moderate extent in the present study. Nevertheless, the good sensorial acceptance or even preference of the heat-treated fer mented sausages found in this study was based on scoring by a sensory panel trained for and familiar with these meat products typical on the Serbian market, so the findings cannot be directly extrapolated to consumers' preferences in other countries.
Overall, the results of the present study confirmed that carefully selected post-processing pasteurization of finished dry fermented sausages, appropriately adjusted to the specifics of the raw mate rials and the sausage type, has the potential to eliminate Salmonella and E. coli O157 from pork and beef sausages, respectively, while still preserving acceptable sensory quality of the finished product. However, L. monocytogenes proved to be comparably markedly more heat resistant in both types of sausages, so further research is required to determine the best procedures to acceptably reduce numbers of this pathogen in dry fermented sausages. Nevertheless, considering that L. monocytogenes is unable to grow in finished dry fermented sausages (Tables 2 and 3), and that in most countries a level up to 100 cells per gram is considered as acceptable in ready to-eat foods where it cannot grow (Anonymous, 2005), it is ques tionable whether total elimination from fermented sausages is an absolutely necessary requirement, as long as low initial counts and growth prevention are reliably ensured.
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