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Abstract

:

Vegetative pathogens actively grow in foods, metabolizing and dividing their cells. They have consequently become a focus of concern for the food industry, food regulators and food control agencies. Although much has been done by the food industry and food regulatory agencies, foodborne outbreaks are still reported globally, causing illnesses, hospitalizations, and in certain cases, deaths, together with product recalls and subsequent economic losses. Major bacterial infections from raw and processed foods are caused by Escherichia coli serotype O157:H7, Salmonella enteritidis, and Listeria monocytogenes. High pressure processing (HPP) (also referred to as high hydrostatic pressure, HHP) is a non-thermal pasteurization technology that relies on very high pressures (400–600 MPa) to inactivate pathogens, instead of heat, thus causing less negative impact in the food nutrients and quality. HPP can be used to preserve foods, instead of chemical food additives. In this study, a review of the effect of HPP treatments on major vegetative bacteria in specific foods was carried out. HPP at 600 MPa, commonly used by the food industry, can achieve the recommended 5–8-log reductions in E. coli, S. enteritidis, L. monocytogenes, and Vibrio. Staphylococcus aureus presented the highest resistance to HPP among the foodborne vegetative pathogens investigated, followed by E. coli. More susceptible L. monocytogenes and Salmonella spp. bacteria were reduced by 6 logs at pressures within 500–600 MPa. Vibrio spp. (e.g., raw oysters), Campylobacter jejuni, Yersinia enterocolitica, Citrobacter freundii and Aeromonas hydrophila generally required lower pressures (300–400 MPa) for inactivation. Bacterial species and strain, as well as the food itself, with a characteristic composition, affect the microbial inactivation. This review demonstrates that HPP is a safe pasteurization technology, which is able to achieve at least 5-log reduction in major food bacterial pathogens, without the application of heat.
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1. Fundamentals of High-Pressure Processing Pasteurization of Food and Beverages


High pressure processing (HPP) is a commercial pasteurization technology employed to extend the shelf-life of both solid and liquid foods. It is an alternative to preservatives and additives to guarantee food safety (e.g., of sliced and cured ready-to-eat meat products). HPP at room temperature is not a sterilization technology, as microbial spores often survive the process, and consequently, HPP foods have a limited shelf-life, requiring refrigeration below 7 °C for distribution/storage, similar to thermal pasteurized foods (Silva and Gibbs, 2009; Silva et al., 2014; Evelyn and Silva, 2017; Silva and Evelyn, 2018) [1,2,3,4]. Depending on the food product, a shelf-life of several days up to several weeks under refrigeration is established. Exceptions are specific foods such as dry-cured meat products that were reported to be stored at ambient temperatures for up to months (EFSA, 2022) [5]. HPP operates in batch, similar to canned foods in retort processing.



During HPP treatment, microorganisms naturally present in raw foods are inactivated with extremely high pressures in the range of 400 to 600 MPa, a thousand times higher than the atmospheric pressure of 0.1013 MPa, without the application of heat to the food. Thus, this process is classified as non-thermal, and HPP foods are referred to as cold-pasteurized foods, with demonstrated superiority in terms of overall flavor and higher contents of health-related food components (e.g., vitamins, antioxidants) (Sánchez-Moreno and de Ancos, 2018; Milani and Silva, 2016; Sulaiman et al., 2017; van Wyk et al., 2018; Lee and Oey, 2018) [6,7,8,9,10]. These are often thermolabile, similar to other food components associated with natural and fresh-like aroma and flavor sensory properties of raw unprocessed foods (Tříska, 2018; Houska et al., 2022; Silva et al., 2000) [11,12,13].



Briefly, vacuum-packed food in a flexible film/bottle is placed into a HPP treatment chamber, which is subsequently filled with water, as this is the medium used to transfer the pressure simultaneously and uniformly to all points of the food (isostatic pressure) during HPP treatment (Figure 1). This is a major advantage of HPP pasteurized foods compared to foods pasteurized with conventional thermal processes. Thus, there is no pressure profile inside the HPP food, and no need to determine the package cold point, as opposed to pre-packed sterilized foods. The technology is also named high hydrostatic pressure (HHP), as water (room temperature or pre-cooled) is used as the medium to transfer the pressure to the food. By analogy with thermal pasteurization treatments, the terminology used for the three stages of a HPP batch cycle is similar: pressure come-up time (CUT) or pressurization, pressure-holding time, and pressure come-down time or depressurization. Once the treatment chamber is filled with water, the pressurization (compression) raises the pressure up to 400–600 MPa, taking 30 s to 1–2 min depending on the set pressure and the food/beverage composition (Milani and Silva, 2016) [8]. For example, a beverage such as red wine took less than 2 min for 600 MPa with an increase in temperature up to 36 °C, and for a 200 MPa, the CUT was less than 40 s, and the temperature increase was lower (<30 °C) (van Wyk and Silva, 2017) [14,15]. A slight increase in food/beverage temperature is inevitable due to adiabatic heating with compression work, about 2–3 °C/100 MPa for beverages and high-moisture foods, and higher for foods with high fat content (e.g., meats, guacamole) 5–9 °C/100 MPa. As the industry wants to operate under non-thermal conditions (T < 45 °C), the food temperature before HPP (also known as pre-compression temperature) can be lowered to remain below this temperature. Then, in the second stage of the HPP cycle, the high pressure is kept for a period of seconds to a couple of minutes (holding time) depending on the food and microorganism used as the pasteurization target. The predefined time and pressure conditions during the constant pressure phase of the cycle characterize the HPP treatment. Quick depressurization with pressure release and reduction back to ambient pressure occurs during the last stage of the HPP cycle in less than 5 s of come-down time. This can also be referred to as the decompression stage, described by an almost instantaneous pressure drop.



Batch units of up to 525 L are available from equipment manufacturers for non-thermal pasteurization of pre-packed foods. The main disadvantage of HPP derives from its operation in “batch” mode. Therefore, each HPP cycle requires extra time for the following operations: pre-packaging of the food before the HPP treatment, loading/unloading of food and water in the HPP treatment chamber, pressurization/depressurization, and drying the packed product after HPP treatment. To overcome these issues, Hiperbaric introduced a piece of equipment that allows for HPP treatment of liquids before packaging (“In-Bulk”). The process begins by filling a huge flexible container inserted in the treatment chamber. After pressurisation, the HPP beverage fills the outlet tank through sterilized tubes and is aseptically packaged, similar to the aseptic processing used for thermal treatment (e.g., UHT, ultra-high temperature). Other disadvantages include the space required for this equipment, the downtime for maintenance/parts replacement, and the cost of the technology.



Commercial HPP products include (i) juices, vegetable and fruit products (e.g., purees), guacamole (Houska and Silva, 2018) [16]; (ii) meat and meat products, namely, ready-to-eat sliced deli meat, hot dogs, dry-cured meat products (EFSA, 2022) [5]; (iii) seafood products such as crustaceans, shellfish, molluscs; (iv) ready-to-eat meals, dips and salsas, wet salads and sandwich fillings, baby food purees, and dairy (Hyperbaric, 2022) [17]. HPP has also been used to speed up shell removal from bivalves and to extract molluscs’ meat yield. Dairy HPP products and alternative HPP protein beverages are not so common nowadays, but this category of foods has potential to grow, with proper regulations and guidelines to safeguard consumers. Similar to thermal pasteurization, porous foods containing air (e.g., bread, cakes, whole fruits and vegetables), dried foods, and food/ingredient powders are not appropriate for HPP pasteurization.



The HPP process is sustainable, because: (i) it can speed up the process, requiring less energy than a conventional thermal treatment for an equivalent thermal pasteurization (e.g., beer pasteurization) (Milani and Silva, 2022) [18]; (ii) it increases food shelf-life and reduces food losses during distribution, and; (iii) it presents a good alternative to chemical preservatives, known to be harmful for human health.




2. Mechanisms and Factors Affecting the Inactivation of Vegetative Microorganisms in Foods


Alterations in the cellular structure or physiological functions of microorganisms with exposure to high pressure results in microbial cell death. This can be seen by observing the structural damage of the cell membrane and envelopes due to membrane phase transition and fluidity changes (Abe, 2013; Rozali et al., 2017) [19,20]. Microbial inactivation can occur due to protein denaturation and the disruption of cell membranes, with subsequent solute loss (Figure 2) (Silva and van Wyk, 2021) [21]. Research also suggests that microbial inactivation by HPP involves the perforation of the cell membrane, the formation of dimples and swelling, or the overall shrinkage of the volume of the cells (Norton and Sun, 2008; Rozali et al., 2017) [20,22].



The major factors affecting the inactivation of vegetative spoilage or pathogenic bacteria in foods and beverages are the HPP pressure and treatment time, in which higher pressure and/or time cause higher microbial inactivation (Evelyn and Silva, 2017; Silva and Evelyn, 2018) [3,4]. When the aim of treatment is the inactivation of spore forms of the microorganisms, the initial temperature of the food can be increased before the treatment. In heat-assisted HPP (also referred as high-pressure thermal processing, HPTP), the higher the temperature, the higher the inactivation (Evelyn and Silva, 2016; Uchida and Silva, 2017; Evelyn and Silva, 2018) [23,24,25,26]. HPP combined with heat has been the focus of many research studies but is not currently employed at commercial scale by the industry (EFSA, 2022) [5].



Other important aspects affecting the microbial inactivation are the type of microbe (bacteria, mold, yeast), the species and strain, and the composition of the food medium being treated. More complex vegetative cells of molds and yeasts (eukariotic) are more susceptible to inactivation than vegetative cells of bacteria (prokariotic), and parasites are usually inactivated at relatively low pressures (100–400 MPa) (Rendueles et al., 2011) [27].



With respect to water activity (aw) Bover-Cid et al. (2015, 2017) [28,29] demonstrated that it was more difficult to inactivate pathogens with HPP (Listeria monocytogenes, Salmonella enterica) in dry-cured ham formulated with lower water activity (aw). Regarding pH, although low pH (<4.6) prevents pathogens’ growth, it seems not to have such an important role for HPP microbial inactivation (van Wyk and Silva, 2017) [14].



Counting Microorganisms and Assessing Microbial Reductions by HPP


The vegetative bacterium pathogen inactivation by HPP is well described by a first-order kinetics, in which a linear decrease in the logarithmic cell populations is observed with treatment time. for a specific HPP pressure (Equation (1)). The decimal reduction time, or DP-value, is the time in minutes at a certain pressure necessary to reduce microbial population to N/N0 0.10, and it is calculated from the reciprocal of the slope of the following equation:


  l o g  (   N   N 0     )  =   − t    D P     



(1)




where N0 is the initial number/concentration of a specific microorganism in the food, and N is the number/concentration of the microorganism after a certain treatment time (t) (time exposed to pressure P during the constant pressure phase of the cycle, not taking into account the pressurization and depressurization phases of HPP treatment). The pressure coefficient, or zP-value (MPa), is the pressure increase that results in a 10-fold decrease in the D-value. This is estimated from the negative reciprocal of the slope of Equation (2):


  l o g  (   D   D  P r e f      )  =    P  r e f   − P    z P     



(2)







DPref is the D-value at the reference pressure Pref (and can be any reference pressure, MPa), and P is the pressure of the HPP isostatic treatment (MPa) during the holding phase of the HPP cycle.





3. Pasteurization Targets and Regulations


Foodborne outbreaks continue to be reported around the world, and more than 250 different foodborne diseases have been described (CDC 2022) [30]. In the US, 841 foodborne disease outbreaks were reported in 2017, resulting in 14,481 illnesses, 827 hospitalizations, 20 deaths, and 14 food product recalls (CDC, 2019) [31]. Foodborne bacterial infections from raw and heated foods include Salmonella enteritidis (poultry and eggs), Escherichia coli serotype O157:H7 (beef, cooked hamburgers, raw fruit juice, lettuce, game meat, cheese curd), Listeria monocytogenes (milk, soft cheese, ice cream, cold-smoked fish, chilled processed meat products, such as cooked poultry), Vibrio parahaemolyticus (improperly cooked, or cooked, re-contaminated fish and shellfish), Vibrio cholerae (water, ice, raw, or underprocessed seafood), and foodborne trematodes from fish and seafood produced by aquaculture (WHO, 2018; Silva et al., 2014; EFSA and ECDC, 2018) [2,32,33]. Pasteurized milk and dairy products may also be contaminated with Brucella, thermophilic Streptococcus spp., and Mycobacterium avium subsp. paratuberculosis (MAP) (Westhoff, 1978; Grant et al., 1996; Grant, 2003) [34,35,36], which can be infectious at low cell numbers, although they cannot grow at chill temperatures. Coxiella burnetii, the causative agent of ‘Q-fever,’ can also be a problem in milk (Cerf and Condron, 2006; Silva et al., 2014) [2,37].



Pathogenic bacteria are the main cause of foodborne outbreaks, although viruses and parasites can also be associated with problems. It is known that the acidity of high-acid foods (pH < 4.6) inhibits the growth of vegetative pathogens and the germination and growth of microbial spores (Silva et al., 2014) [2]. However, bacterial pathogens are a major food safety concern in low-acidic foods (pH > 4.6). Therefore, low-acid pasteurized foods should be stored and distributed under refrigeration below 7 °C (Silva and Gibbs, 2009) [1]. Among vegetative pathogens, L. monocytogenes, Yersinia enterocolitica, Salmonella, V. parahaemolyticus, and Aeromonas hydrophila are of great concern, because they are able to grow at refrigeration temperatures (D’Aoust, 1991; Penfield et al., 1990) [38,39] and can thus be a problem in HPP products, which are generally distributed and stored under refrigeration.



Vegetative pathogens actively grow, metabolize, and divide their cells in foods, and consequently, they are a focus of concern for the food industry, food regulators, and food control agencies. One of the main objectives of food pasteurization technologies, such as HPP, is to ensure a reduction in the numbers of these pathogenic microorganisms in foods to a safe level for consumption (Silva and Gibbs, 2009) [1]. As mentioned previously, foods in which HPP is applied as a pathogen reduction step include vegetables and fruits (sauces, juices, dressings), meat (ready-to-eat meats and poultry), and seafood (shellfish and fish products) (EFSA, 2022) [5].



Regulatory Aspects of High Pressure Processed Foods


International food regulation agencies propose 5–8-log10 reductions (  l o g  (   N   N 0     )  )   in relevant microbial hazards for efficient pasteurization processes and the production of safe foods (EFSA, 2022) [5].



In 2011 the Food and Drug Administration (FDA) Food Safety Modernization Act was implemented, aiming the shift of the focus of federal regulators from responding to contamination to preventing it, thus ensuring the safety of the United States food supply (Public Law, 2011) [40]. With respect to HPP, FDA and Health Canada have established a regulatory frame specifically for this technology application (Koutchma and Warriner, 2018) [41]. There is a need to demonstrate that a new HPP treatment achieves a specific log reduction in the pathogen(s) of concern. On the contrary, HPP is not specifically regulated in Europe, where a precautionary approach designates HPP products as Novel Foods, with the need to demonstrate safety beyond pathogen reduction. Thus, in Europe, HPP foods are considered novel and subsequently require pre-market approval, in particular HPP products of animal origin.



The adoption of HPP in North America has been driven by a regulatory requirement for processors to apply a pathogen-reduction step in high-risk ready-to-eat (RTE) food production (Koutchma and Warriner, 2018) [41]. The pathogens of concern in RTE meats, fruits, and vegetable-based products are Salmonella, L. monocytogenes, and E. coli O157:H7. The FDA designated a 5-log cfu/mL reduction in food by the HPP process. With respect to processed meat, the United States Department of Agriculture (USDA) Food Safety and Inspection Service (FSIS) published a directive identifying HPP as an intervention to control L. monocytogenes, thereby fulfilling Alternative 1 or Alternative 2 within RTE meat production. HPP can also be applied to control E. coli O157:H7 on beef trim and Salmonella on poultry. When HPP processing is applied as a pathogen reduction step, there is a need to define the processing parameters and the product formulation.





4. Staphylococcus aureus Inactivation by HPP


Food poisoning outbreaks in pasteurized milk products (e.g., chocolate milk, milk) were reported due to the ingestion of foods containing staphylococcal enterotoxins (SEs) produced by S. aureus (Evenson et al., 1988; Asao et al., 2003; Schmid et al., 2009; Ostyn et al., 2010; Hennekinne et al., 2012) [42,43,44,45,46]. S. aureus infection symptoms begin with diarrhea, but vomiting, nausea, dizziness, and abdominal pain associated with moderate fever can also be registered (Hennekinne et al., 2012) [46]. At S. aureus concentrations of ≥105 cells/g of food, detection of the enterotoxin in the contaminated food can confirm food poisoning by this bacterium (Hennekinne et al., 2012) [46].



Table 1 shows HPP inactivation studies carried out with different S. aureus strains and specific foods including milk, cheese slurry, poultry meat, pork slurry, and raw beef (Shigehisa et al., 1991, Zagorska et al., 2021, O’Reilly et al., 2000, Rocha-Pimienta et al., 2020, Patterson and Kilpatrick, 1998, Gervilla et al., 1999, Park et al., 2022, Jarzynka et al., 2021; Alpas and Bozoglu, 2000; Hugas et al., 2002) [47,48,49,50,51,52,53,54,55,56].



HPP at 600 MPa for 10–15 min achieved the minimum 5-log reductions recommended in milk and pork slurry. Cheese slurry required 20 min at 600 MPa for 4.5-log reductions in ATCC 6538 strain. Human milk required less stringent treatments of less time (4 min) at 600 MPa or 15 min at 450 MPa. ATCC 13565 S. aureus was more resistant in poultry meat than in milk, as only 4.0-log reductions in poultry meat vs. 5.5-log reductions in milk were obtained after a HPP treatment of 15 min at 600 MPa. Ovine milk subjected to 500 MPa for 15 min resulted in only 3.2-decimal reductions. Applying heat assisted HPP at a moderate temperature of 50 °C increased the S. aureus log10 reductions to 6.0 in poultry meat and >7.0 in ovine milk. Although not so realistic, studies can be carried out using a cocktail of resistant strains to mimic the worst-case scenario in terms of inactivation. A HPP treatment of raw beef at 500 MPa for 7 min caused only 1.7-log reductions in a cocktail of 5 strains of S. aureus previously inoculated in raw beef. Similar to thermal pasteurization, dry-cured ham contains a high content of salt and presents low water activity, thus making it very difficult to inactivate microorganisms. Overall, for similar processing conditions, there are some differences in the S. aureus inactivation, depending on the food and the bacterial strain.




5. Escherichia coli Inactivation by HPP


Outbreaks of E. coli serotype O157:H7, Shiga-like toxin-producing types, have been associated with a wide range of foods, including ground beef, packaged salads, leafy greens (e.g., lettuce, spinach), sprouts, fresh chopped salads, flour and cake mix, frozen falafel, and raw milk [57]. As this particular strain can survive and grow under very acidic conditions and at low temperatures (Weagant et al., 1994, Conner and Kotrola, 1995; Hsin-Yi and Chou, 2001) [58,59,60], outbreaks have been registered in high-acid foods as follows: fruit juices (CDC 2022; Cody et al., 1999) [61,62], apple cider (Miller and Kaspar, 1994) [63], mayonnaise (Weagant et al., 1994) [58], mustard and ketchup (Tsai and Ingham, 1997) [64], and yogurt (Morgan et al., 1993) [65]. Human foodborne infection symptoms by E. coli O157:H7 include diarrhea (in some cases, bloody diarrhea) and abdominal cramping (Ibrahim, 2015) [66]. Laboratory analysis of stool specimens (feces) can be used to diagnose the illness [67].



Table 2 presents the resume of E. coli HPP inactivation studies carried out with milk, non-cured cheese, meat products, coconut water, and acidic fruit beverages (Patterson and Kilpatrick, 1998, Zagorska et al., 2021, Stratakos et al., 2019, Raghubeer et al., 2020, Chien et al., 2017, Park et al., 2022, Capellas et al., 1996, Shigehisa et al., 1991, Linton et al., 1999, Hiremath and Ramaswamy, 2012, Jordan et al., 2001) [47,48,51,53,68,69,70,71,72,73,74]. Nine studies carried out with O157:H7 strains, ATCC 25922, and cocktails of several strains revealed ≥ 6.0-log reductions in the microorganism in UHT and raw milk, coconut water, ground beef, fresh goat cheese, pork slurry, and several acidic juices (orange, apple, mango, tomato) after HPP treatments in the range of 500–600 MPa for a treatment time of 3 to 15 min, depending on the food and strains. Therefore, the minimum requirement of an inactivation of 5.0 was achieved in most of the studies carried out with this pathogen. The exception were two studies carried out with the specific strain NCTC 12079 in low-acidic foods, poultry meat, and UHT milk, in which only 1.5- and 0.5-log reductions were registered after 600 MPa-15 min treatment, respectively. The same authors, using heat-assisted HPP with an initial food temperature of 50 °C, could obtain 8.0-log reductions in both poultry meat and milk. Curiously, the same strain and much milder processing conditions (550 MPa-5 min) could achieve >7.0 in orange juice, indicating that it might be easier to inactivate E. coli in high-acidic fruit juices. Two other studies with orange, apple, mango, and tomato juices using ATCC 43894 and C9490 toxigenic strains and milder HPP treatment (500 MPa-5 min) could ensure more than 7-log reductions in these juices (Hiremath and Ramaswamy, 2012; Jordan et al., 2001) [73,74]. A few studies using cocktails of resistant strains also showed efficient inactivation of E. coli in raw milk, coconut water, ground beef, and raw beef. E. coli was more susceptible to HPP inactivation than S. aureus.




6. Listeria monocytogenes Inactivation by HPP


Listeriosis, the human infection caused by the Listeria monocytogenes bacterium, can be a great risk, particularily for vulnerable groups of people such as the elderly and pregnant women, as it is characterized by high morbidity, hospitalization, and mortality rate (Henriques and Fraqueza, 2015) [75]. A person with listeriosis presents symptoms similar to a flu or gastrointestinal illnesses, but also septicaemia, meningitis, and encephalitis (Gillespie et al., 2010) [76]. For pregnant women, the disease is confirmed by the isolation of the bacteria from blood, spinal fluid, or amniotic fluid or the placenta [77]. In the United States, between 2018–2022, simultaneous food outbreaks caused by L. monocytogenes were registered in different states. These were linked to foods such as deli meat and cheese (e.g., sliced), fresh cheese, Brie and Camembert cheeses (outbreak in 2022), ice cream (outbreak in 2022), packaged fresh salads, mushrooms, hard-boiled eggs, pork products, and deli ham [78]. The EFSA reported public health risks posed by L. monocytogenes in specific ready-to-eat foods in the European Union (EFSA, 2018) [79]. Problems in frozen fruits and vegetables, including herbs, blanched during processing were also raised by the EFSA (EFSA, 2020) [80].



Table 3 presents L. monocytogenes inactivation studies in UHT and raw milk, goat cheese, meat products, and coconut water (Zagorska et al., 2021; Stratakos et al., 2019; Balamurugan et al., 2018; Raghubeer et al., 2020; Park et al., 2022; Gallot-Lavallée, 1998; Jarzynka et al., 2021; Bambace et al., 2021; Patterson et al., 1995) [48,53,54,68,69,81,82,83,84]. The studies demonstrated the efficiency of HPP pasteurization in the range of 450–600 MPa and times from 3 to 15 min, depending on the food and strain, for more than 5.6-decimal reductions in Listeria. A treatment of 375 MPa for 15 min was clearly not enough for pasteurizing milk and poultry meat (Patterson et al., 1995) [84]. The studies reviewed showed that the inactivation of L. monocytogenes required lower pressures (P) and/or lower holding times (t) than those P-t required for the inactivation of E. coli and S. aureus.




7. Salmonella inactivation by HPP


Salmonellosis, caused by Salmonella, is the most frequent foodborne disease reported worldwide. Outbreaks of Salmonella enteritidis and Salmonella typhimurium have been associated with several foods from animal origin as follows: shell eggs, ground beef, poultry (ground turkey meats, raw turkey products, chicken and chicken salad, raw frozen breaded stuffed chicken products), peanut butter (outbreak in 2022), fish Salami sticks, frozen cooked shrimp [85,86], although an increasing number of outbreaks was reported in contaminated green vegetables (Doyle and Erickson, 2008; Hanning et al., 2009) [87,88]. The most common clinical symptoms are diarrhea and abdominal cramps, with potential of fever of 38–39 °C (Giannella, 1996) [89]. Stool, blood, urine, or sometimes tissues can be used for the diagnosis of Salmonella bacteria (Behravesh et al., 2008) [90].



Table 4 presents HPP inactivation studies of single strains of Salmonella enterica enteritidis or typhimurium and also cocktails of resistant strains in cooked and peeled eggs, liquid whole egg, chicken fillets and strained chicken, pork slurry, milk, coconut water, and Italian salamis (Stratakos et al., 2019; Raghubeer et al., 2020; Argyri et al., 2018; Shahbaz et al., 2018; Park et al., 2022; Ponce et al., 1999; Bari et al., 2008; Shigehisa et al., 1991; Metrick et al., 1989; Bonilauri et al., 2019) [47,53,68,69,91,92,93,94,95,96]. HPP treatments of 400–550 MPa for 5–10 min are enough for whole liquid and cooked and peeled egg products. With respect to chicken, though 500 MPa-10 min caused ≥7.0-log reductions in chicken fillets, 340 MPa-15 min was insufficient for strained chicken. Raw milk, raw beef, pork slurry, and coconut water were pasteurized with pressures between 400–600 MPa. Italian salamis are special dry foods consisting of cured sausage of fermented pork meat. Low water activities typically between 0.88 and 0.95 prevent microbial growth but also prevent microbial inactivation by thermal or non-thermal processes. In certain salamis, safe pasteurization was not achieved by HPP, as after being exposed for 5 min at 600 MPa, only 1.9- to 5-log reductions were obtained. Although not so common, HPP can be carried out at low temperatures. Boziaris et al. (2021) [97] conducted HPP at 250 MPa and −32 °C for 3 min and registered more than 3-log reductions in a cocktail of six strains of Salmonella enteritidis in frozen salmon fillets. Salmonella was less resistant than E. coli (and S. aureus) to HPP inactivation.




8. Vibrio Inactivation by HPP


Infections from non-cholera bacteria pathogens Vibrio parahaemolyticus and Vibrio vulnificus caused outbreaks associated with the consumption of raw oysters, fresh crab meat, raw shellfish, sushi and sashimi, and undercooked seafoods, since they are naturally distributed in water [98,99]. Outbreaks in the US in 2019 and 2018 had their origin in imported oysters from Mexico and imported fresh crab meat from Venezuela, respectively [99]. Large outbreaks of V. parahaemolyticus (O3:K6 serotype) occurred from 1997–1998 in Washington, Texas, New York, and on the West Coast of the United States (Daniels et al., 2000; DePaola et al., 2000) [100,101], whereas an outbreak of V. vulnificus occurred in coastal states from the Gulf of Mexico region (Shapiro et al., 1998) [102]. Vibrio bacteria can cause watery diarrhea, often accompanied by abdominal cramping, nausea, vomiting, fever, and chills, occurring within 24 h of ingestion and lasting for 3 days [99]. In 2011, V. vulnificus was reported to have the highest mortality rate in the United States, and 35,000 foodborne infections were caused by V. parahaemolyticus (Scallan et al., 2011) [103].



The studies carried out with oysters and clam juice at lower pressures (275–300 MPa) for 2–3 min show the rapid inactivation of V. vulnificus and V. parahaemolyticus (>6.0-decimal reductions) (Table 5) (Ye et al., 2012; Cook, 2003) [104,105]. A flash treatment at 586 MPa without a holding phase was enough for oysters’ pasteurization (Koo et al., 2006) [106], and a pressure as low as 170 MPa for 10 min could cause more than 5-log reductions in V. parahaemolyticus in clam juice (Styles et al., 1991) [107]. The studies reviewed showed much lower resistance to HPP inactivation of V. vulnificus and V. parahaemolyticus than major bacterial pathogens mentioned previously.




9. Inactivation of Other Vegetative Pathogens by HPP


Outbreaks of the following pathogenic vegetative bacteria associated with meat products can also pose a health risk to consumers: Streptococcus faecalis, Campylobacter jejuni, Yersinia enterocolitica, Citrobacter freundii, and Aeromonas hydrophila (Deming et al., 1987; Hussain et al., 1988; Tsai and Chen 1996; Gaibani et al., 2013; Grahek-Ogden et al., 2007) [108,109,110,111,112].



According to studies carried out with ground pork, pork slurry, chicken purée, milk, and soy drink, presented in Table 6, HPP treatments with pressures within 400–600 Mpa for 10 min ensured proper inactivation (>6-log reductions) of Streptococcus faecalis, Cronobacter sakazakii, Campylobacter jejuni, and Yersinia enterocolitica (Shigehisa et al., 1991; Jarzynka et al., 2021; Solomon and Hoover, 2004; Ellenberg and Hoover, 1999) [47,54,113,114]. Citrobacter freundii and Aeromonas hydrophila were more susceptible to HPP and required a lower pressure, i.e., 250–300 MPa (Carlez et al., 1993; Ellenberg and Hoover, 1999) [114,115].




10. Conclusions and Final Remarks


Major food outbreaks registered in the US from 2006–2022 were caused by Escherichia coli, Salmonella spp., and Listeria monocytogenes. This review has demonstrated that HPP at 600 MPa commonly used by the food industry can achieve the recommended 5–8-log reductions in E. coli, Salmonella enterica, L. monocytogenes, and Vibrio. S. aureus presented the highest resistance among the foodborne vegetative pathogens investigated. Though some strains were inactivated at room temperature at 600 MPa, some of the most resistant strains required heat assisted HPP, with an initial food temperature of 50 °C before compression, for safe food pasteurization. Following in resistance to HPP was E. coli, then L. monocytogenes and Salmonella spp., which were reduced by 6 logs by room temperature HPP within 500–600 MPa. Vibrio spp. and other vegetative pathogens, such as C. jejuni, Y. enterocolitica, C. freundii, and A. hydrophila, generally required lower pressures (300–400 MPa) for recommended inactivation. In addition to species and strain, the food itself, with a specific composition, also affects the microbial inactivation. HPP foods are distributed under refrigeration to control undesirable enzyme activity and the germination of resistant microbial spores. Therefore, L. monocytogenes, Y. enterocolitica, Salmonella, V. parahaemolyticus, and A. hydrophila are of extra concern, as they can grow at refrigerated temperatures used to distribute HPP foods. This review has demonstrated that HPP is a safe pasteurization technology, able to achieve at least 5-log reductions in major bacterial pathogens in foods. Nowadays, HPP is a commercial and sustainable alternative to conventional and emerging thermal pasteurization technologies due to negligible effects on health and flavor related components of the foods.
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Figure 1. Diagram representing high-pressure processing (HPP) treatment of a pre-packed food (extracted from EFSA BIOHAZ Panel, European Food Safety Authority Panel on Biological Hazards, 2022) [5]. 
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Figure 2. Diagram showing the high-pressure processing (HPP) inactivation of microorganisms in a beverage (extracted from Silva and van Wyk, 2021) [21]. 
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Table 1. Inactivation of Staphylococcus aureus in milks, cheese, and meat products by high pressure processing (HPP) and heat assisted HPP *.






Table 1. Inactivation of Staphylococcus aureus in milks, cheese, and meat products by high pressure processing (HPP) and heat assisted HPP *.





	
Strain

	
Food Products

	
pH

	
Pressure (MPa)

	
Temperature (°C)

	
Time (min)

	
Log Reduction

	
Reference






	
ATCC 25923

	
Pork slurry

	
nr

	
600

	
RT

	
10

	
6.0

	
[47]




	
ATCC 25923

	
UHT milk 2% fat

	
nr

	
600

	
RT

	
15

	
4.7

	
[48]




	
ATCC 6538

	
Cheese slurry

	
5.2–5.4

	
600

	
RT

	
20

	
4.5

	
[49]




	
CECT 976 (ATCC 13565)

	
Human milk

	
nr

	
594

	
RT

	
4

	
5.8

	
[50]




	
NCTC 10652

(ATCC 13565)

	
Poultry meat

	
nr

	
600

	
RT

50 a

	
15

15

	
4.0

6.0

	
[51]




	
NCTC 10652

(ATCC 13565)

	
UHT milk

	
nr

nr

	
600

	
RT

	
15

	
5.5

	
[51]




	
500

	
RT

	
15

	
2.5




	
500

	
50 a

	
15

	
6.0




	
CECT 534 (NCTC 4163)

	
Ovine milk

	
6.7

	
500

	
RT

50 b

	
15

15

	
3.2

>7.0

	
[52]




	
Cocktail of 5 strains

	
Raw beef

	
5.8

	
500

	
RT

	
7

	
1.7

	
[53]




	
ATCC 33862

	
Human milk

	
nr

	
450

	
RT

	
15

	
≥6.8

	
[54]




	
485

	
Milk

	
6.7

	
345

	
50 a

	
5

5

	
5.5

>8.0

	
[55]




	
765

	
Milk




	
Special Foods

	

	

	

	

	

	

	




	
nr

	
Dry-cured ham

	
nr

	
600

	
RT

	
6

	
0.6

	
[56]




	

	
Cooked ham

	

	

	

	
6

	
1.1




	

	
Marinated beef

	

	

	

	
6

	
2.7








* RT = room temperature HPP; UHT = ultra-high temperature; nr—not reported. a Initial temperature before compression; b average temperature of holding phase of the HPP cycle.
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Table 2. Inactivation of Escherichia coli in milk, meat products, coconut water, and acidic fruit juices by high-pressure processing (HPP) *.






Table 2. Inactivation of Escherichia coli in milk, meat products, coconut water, and acidic fruit juices by high-pressure processing (HPP) *.





	

	
Strain

	
Food Products

	
pH

	
Pressure

(MPa)

	
Temperature

(°C)

	
Time

(min)

	
Log

Reduction

	
Reference






	
O157:H7

	
NCTC 12079

	
Poultry meat

	
nr

	
600

	
RT

50 a

	
15

15

	
1.5

8.0

	
[51]




	
O157:H7

	
NCTC 12079

	
UHT milk

	
nr

	
600

500

	
RT

50 a

	
15

15

	
0.5

8.0

	
[51]




	
-

	
ATCC 25922

	
UHT milk 2% fat

	
nr

	
600

	
RT

	
15

	
≥7.0

	
[48]




	
-

	
Cocktail of 5 strains

	
Raw milk

	
nr

	
600

	
RT

	
5

	
6.8

	
[68]




	
O157:H7

	
Cocktail of 8 strains

	
Coconut water

	
5.2

	
593

	
RT

	
3

	
≥6.6

	
[69]




	
O157:H7

	
Cocktail of 3 strains

	
Ground beef (17% fat)

	
nr

	
500

	
RT

	
15

	
7.0

	
[70]




	
-

	
Cocktail of 5 strains

	
Raw beef

	
5.8

	
500

	
RT

	
7

	
4.4

	
[53]




	
-

	
CECT 405

(ATCC 10536)

	
Fresh goat cheese

	
6.5

	
450–500

	
RT

	
5

	
>8.5

	
[71]




	
-

	
ATCC 25922

	
Pork slurry

	
nr

	
400–500

	
RT

	
10

	
>6.0

	
[47]




	
Acidic juices

	

	

	

	

	

	

	

	




	
O157:H7

	
NCTC 12079

	
Orange juice

	
3.4–4.5

	
550

	
RT

	
5

	
>7.0

	
[72]




	
O157:H7

	
ATCC 43894

	
Mango juice

	
4.5

	
550

	
RT

	
5

	
>8.0

	
[73]




	
O157:H7

	
C9490

	
Orange juice

	
3.8

	
500

	
RT

	
5

	
>7.0

	
[74]




	
Apple juice

	
3.5

	
5

	
>7.0




	
Tomato juice

	
4.1

	
5

	
>7.0








* RT = room temperature HPP; UHT = ultra-high temperature; nr—not reported. a Initial temperature before compression.
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Table 3. Inactivation of Listeria monocytogenes in low-acid foods by high-pressure processing *.






Table 3. Inactivation of Listeria monocytogenes in low-acid foods by high-pressure processing *.





	
Strain

	
Food Products

	
pH

	
Pressure (MPa)

	
Time (min)

	
Log Reduction

	
Reference






	
ATCC 7644

	
UHT milk

2% fat

	
nr

	
600

	
15

	
≥7.0

	
[48]




	
Cocktail of 5 strains

	
Raw milk

	
nr

	
600

	
5

	
5.9

	
[68]




	
Cocktail of 4 strains

	
Cooked pork

sausage 28% fat

	
6.2

	
600

	
3

	
≥7.5

	
[81]




	
Cocktail of 7 strains

	
Coconut water

	
5.2

	
593

	
3

	
≥6.0

	
[69]




	
Cocktail of 5 strains

	
Raw beef

	
5.8

	
500

	
7

	
≥6.5

	
[53]




	
nr

	
Goat cheese

	
nr

	
500

	
5

	
>5.6

	
[82]




	
ATCC 7644

	
Human milk

	
nr

	
450

	
15

	
≥7.9

	
[54]




	
CECT 4032

(DSM 15675)

	
Apple cubes

	
nr

	
400

	
5

	
>5.0

	
[83]




	
NCTC 11994

	
Milk

	
nr

	
375

	
15

	
0.5

	
[84]




	
(DSM 15675)

	
Poultry meat

	

	

	
15

	
2.0








* nr—not reported.
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Table 4. Inactivation of Salmonella in foods by high-pressure processing (HPP) *.
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	Serovars
	Strains
	Food Products
	pH
	Pressure

(MPa)
	Time

(min)
	Log Reduction
	Reference





	-
	Cocktail of 5 strains
	Raw milk
	nr
	600
	5
	6.3
	[68]



	-
	Cocktail of 9 strains
	Coconut water
	5.2
	593
	3
	≥6.6
	[69]



	S. enterica

enteritidis
	Cocktail of 3 strains
	Chicken fillets
	nr
	500
	10
	≥7.0
	[91]



	S. enterica

enteritidis
	nr
	Eggs (hard-cooked and peeled)
	nr
	550
	5
	6.5
	[92]



	S. enterica
	Cocktail of 5 strains
	Raw beef
	5.8
	500
	7
	≥6.5
	[53]



	S. enterica 

enteritidis
	nr
	Liquid whole egg
	8.0
	450
	15
	5.1
	[93]



	S. enterica 

enteritidis
	SE-4
	Liquid whole egg
	nr
	400
	10
	6.0
	[94]



	S. enterica 

typhimurium
	ATCC 14028
	Pork slurry
	nr
	400
	10
	6.5
	[47]



	S. enterica 

typhimurium
	ATCC 7136
	Strained chicken baby food
	nr
	340
	15
	2.0
	[95]



	Special Foods
	
	
	
	
	
	
	



	S. enterica 

typhimurium
	Cocktail of 3 strains
	Ten Italian

salamis

aw 0.88–0.95
	5.1–6.1
	600
	5
	1.9–5.0
	[96]







* nr—not reported.
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Table 5. Inactivation of Vibrio in oysters and clam juice by high-pressure processing (HPP) *.






Table 5. Inactivation of Vibrio in oysters and clam juice by high-pressure processing (HPP) *.





	Species
	Strains
	Food

Products
	pH
	Pressure

(MPa)
	Time

(min)
	Log

Reduction
	Reference





	Vibrio 

vulnificus
	MO-624
	Oyster
	nr
	586
	0
	>6.5
	[106]



	Vibrio 

parahaemolyticus
	TX-2103, serotype O3:K6
	Oyster
	nr
	586
	0
	>5.5
	[106]



	V. vulnificus
	MLT 403
	Oyster
	nr
	300
	2
	>7.0
	[104]



	V. 

parahaemolyticus
	10 different strains
	Homogenized oyster
	nr
	300
	3
	>6.0
	[105]



	V. 

parahaemolyticus
	ATCC 43996
	Oyster
	nr
	300
	2
	7.0
	[104]



	V. vulnificus
	nr
	Homogenized oyster
	nr
	275
	3
	>7.0
	[105]



	V. 

parahaemolyticus
	T-3765-1
	Clam juice
	7.5
	170
	10
	>5.0
	[107]







* nr—not reported.
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Table 6. Inactivation of other pathogenic vegetative cells in meat products by high pressure processing (HPP) *.






Table 6. Inactivation of other pathogenic vegetative cells in meat products by high pressure processing (HPP) *.





	
Vegetative cells

	
Strain

	
Meat

products

	
pH

	
Pressure

(MPa)

	
Time

(min)

	
Log Reduction

	
Reference






	
Streptococcus 

faecalis

	
nr

	
Pork slurry

	
nr

	
600

	
10

	
>6.0

	
[47]




	
Cronobacter 

sakazakii

	
ATCC 51329

	
Human milk

	
nr

	
450

	
15

	
≥5.9

	
[54]




	
Campylobacter 

jejuni

	
T1

	
Pork slurry

	
nr

	
400

	
10

	
>6.0

	
[47]




	
C. jejuni

	
ATCC 35921

	
Chicken purée

Soy drink

	
nr

	
400

400

	
10

10

	
≥8.0

≥8.0

	
[113]




	

	
Milk

	
nr

	
375

	
10

	
≥8.0

	




	
Yersinia 

enterocolitica

	
nr

	
Pork slurry

	
nr

	
400

	
10

	
>6.0

	
[47]




	
Y. 

enterocolitica

	
9610

	
Ground pork

	
6.0

	
304

	
15

	
>7.0

	
[114]




	
Citrobacter 

freundii

	
nr

	
Minced beef

	
5.6–5.8

	
300

	
20

	
>6.0

	
[115]




	
Aeromonas 

hydrophila

	
ATCC 7965

	
Ground pork

	
6.0

	
253

	
15

	
>6.0

	
[114]








* nr—not reported.
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