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1. Introduction 

 

Consumers in the 21st century are demanding high quality foods that are free from 

additives, fresh tasting, microbiologically safe and with an extended shelf-life. One food 

technology that has the potential to meet these demands is high pressure processing. 

High pressure processing, also known as high hydrostatic pressure (HHP), uses 

pressures up to 900 MPa to inactivate many of the microorganisms found in foods 

(Patterson, 2005). 

 

This technology has been proposed as a viable alternative to conventional heat treatment 

for preserving food. In contrast to thermal processing, the application of high 

hydrostatic pressure to food causes negligible impairment of nutritional value, taste, 

colour or flavour (Smelt, 1998).  

 

It is well known that the effectiveness of any food preservation technique has to be 

evaluated by its ability to eradicate any pathogenic microorganism to assure product 

safety and to inactivate spoilage microorganisms to improve the shelf life of the food 

(McClements et al., 2001). High hydrostatic pressure induces a number of changes to 

morphology, biochemical reactions and genetic mechanisms, and to cell membrane and 

wall of microorganisms (Hoover et al., 1989) and is generally effective to inactivate 

most vegetative bacteria, yeasts, and molds between 300 and 700 MPa (Smelt, 1998). 

Nevertheless, it is important to remark that there are different factors that affect the 

resistance of bacteria to high hydrostatic pressure treatments: temperature, magnitude 

and duration of pressure treatment, the stage of growth and the composition of medium 

(McClements et al., 2001). Moreover, in food, two effects always determine 

microbiological safety and stability: the effect of the food matrix during treatment 

(Patterson and Kilpatrick, 1998), and its effect after treatment, during the repair phase of 

the microorganisms (Smelt, 1998).  
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1.1 General principles of high pressure 

 

The thermodynamic term describing the effects of pressure on chemical or biochemical 

systems is ∆V, the variation of the molar volume between two states (such as the final 

and the initial states) at constant temperature (Balny and Masson, 1993). High 

hydrostatic pressure is governed by two principles: the principle of Le Chatelier and the 

isostatic principle. Firstly, the principle of Le Chatelier states that any phenomenon 

(phase transition, chemical reactivity, change in molecular configuration or chemical 

reaction) accompanied by a decrease in volume will be enhanced by pressure (Table 1). 

An antagonistic effect of temperature is expected from the fact that temperature increase 

results in a volume increase. Depending on the nature of the product, the initial product 

temperature and the applied pressure, the adiabatic temperature increase may vary from 

3 to 9ºC/100 MPa (Table 2) (de Heij et al., 2003). On the other hand, the reaction rate 

increases with increasing temperature according to Arrhenius' law.  

 
Table 1. Volume changes accompanying the formation of major interactions and bonds 
in biosystems. 

Interaction and bonds 

Covalent bonds 
a∆V≠ of –10 ml/mol for the formation of 
covalent bonds, and nearly zero ∆V values 
for exchanges in the covalent bonds 

Electrostatic interactions 

b∆V of – 10 ml/mol for hydratation of a 
charged group and a positive value of 10-
20 ml/mol for the formation of an 
electrostatic interaction 

Hydrophobic interactions 
A positive ∆V of 10-20 ml/mol CH2-
groups entering the hydrophobic contact 
 

Stacking of aromatic rings Nearly zero values of ∆V 
 

Hydrogen bonds Nearly zero values of ∆V 
 

aDifferences in the volumes of the activated (V≠) and initial states. 
bDifferences in the volumes of the final and the initial states 
Source: Mozhaev et al., 1994. 
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Table 2. Temperature changes of selected substances due to compression heating  

Substance 
Initial temperature  

(ºC) 

Temperature change 

(ºC/100 MPa) 

Water 

20 

60 

80 

2.8 

3.8 

4.4 

Steel 20 ≈0 

Chicken 20 2.9 

Cheese (Gouda type) 20 3.4 

Milk fat 20 8.5 

Source: de Heij et al., 2003. 

 

Secondly, the isostatic principle (isostatic pressure) that shows that the pressure is 

instantaneously and uniformly transmitted independently of the size and the geometry 

of the food (Smelt, 1998). 

 

 

1.2 Effects of pressure on microorganisms 

 

Microorganisms are inactivated when they are exposed to factors that substantially alter 

their cellular structure or physiological functions. Structural damage includes DNA 

strand breakage, cell membrane rupture or mechanical damage to cell envelope. Cell 

functions are altered when key enzymes are inactivated or membrane selectivity is 

disabled. A preservation technology may cause cell death through multiple mechanisms.  

 

High pressure is well known to produce alterations (Figure 1) in biochemical reactions, 

genetic mechanisms, structural changes in the morphology, cell wall and membranes of 

microorganisms (Hoover et al., 1989; Cheftel, 1995). However, the mechanisms of 

microbial inactivation are still not fully understood (Patterson, 2005). 
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Figure 1. Structural and functional changes in microorganisms at different pressures. 
Source: Lado and Yousef (2002). 
 

 

1.2.1 Effect of pressure on cell membranes 

 

The cell membrane is generally considered to be a primary site of pressure damage in 

microorganisms (Hoover  et al., 1989). The cell membrane is composed by a bilayer of 

phospholipids with embedded functional proteins that play an important role in 

transporting ions and other substances across the membrane. The effect of pressure on 

the membranes might be due to the fact that lipids are particularly sensitive to pressure, 

being an order of magnitude more compressible than proteins (Fernandes, 2005). It has 

been observed that lipid bilayers undergo phase transitions under pressure (San Martin 

et al., 2002). Membrane fluidity it is a multifaceted phenomenon that has contributions 

from molecular packing (order) and molecular motion (viscosity). The changes in fatty 

acyl composition may alter either or both of these aspects of fluidity and may exert its 

influence through control of the ion pumps in the membrane that are essential for 

maintaining pH homeostasis (Russell, 2002). The composition of lipid membrane is 

known to be altered in response to variations of pH, external osmolality and low 

temperature to retain membrane fluidity and functionality (Scheyhing et al., 2004). Kato 

and Hayashi (1999) suggested that the fluidity of lipid bilayers decreases with an 

increase in the pressure applied, resulting in functional disorder of membrane associated 

enzymes, accompanied by a reversible phase transition of the biomembrane, and finally, 

the lipid bilayer is irreversible fragmented, accompanied by enzyme denaturation. 

Casadei et al. (2002) reported that membrane fluidity affects the pressure resistance of 
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exponential and stationary-phase cells in a similar way, but it is the dominant factor in 

exponential-phase cells whereas in stationary-phase cells, its effects are superimposed 

on a larger effect of the physiological stationary-phase cell response that is itself 

temperature dependent. Moreover, loss of membrane-bound ATPase activity and loss of 

the ability to maintain a transmembrane pH gradient have been shown to occur during 

inactivation of Lactobacillus plantarum by high pressure (Wouters et al., 1998). 

 

Physical damage to cell membrane has been demonstrated as leakage of ATP or UV-

absorbing material -in the case of bacteria (Smelt et al., 1994)-, and solubilization and 

leakage of intracellular substances such as amino acids -in the case of yeasts (Kato and 

Hayashi, 1999)-, subjected to pressure occurs. A loss of osmotic responsiveness or 

increased uptake of the fluorescent dyes such as ethidium bromide and propidium 

iodide that do not normally penetrate the membranes of healthy cells (Benito et al., 

1999; Ulmer et al., 2000; Pagán and Mackey, 2000) has also been observed. Benito et 

al. (1999) found that when Escherichia coli O157:H7 strains were exposed to the same 

pressure for different times, the pressure-sensitive strains took up stain sooner than the 

more resistant strain. The differences in resistance may be related to susceptibility to 

membrane damage and possibly to a property associated with the protein component. 

Mañas and Mackey (2004) reported that exponential-phase cells are inactivated under 

high pressure by irreversible damage to the cell membrane. In contrast, stationary-phase 

cells have a more robust cytoplasmic membrane that can better withstand pressure 

treatments. The retention of an intact membrane appears to allow the stationary-phase 

cell to repair gross changes in other cellular structures and to remain viable at pressures 

that are lethal to exponential-phase cells. 

 

 

1.2.2 Effect of pressure on cell wall 

 

Hoover at el. (1989) reported that pressures of 20-40 MPa can cause larger cells to lyse 

from mechanical disruption of a stressed cell wall. Kato and Hayashi (1999) suggested 

that the cell wall structure is altered by high pressure treatment, which leads to 

solubilization of intra-cellular substances. Malone et al. (2002) found that the pressure 

treatment at 100 MPa promoted cell wall hydrolase activity in Lactococcus lactis subsp. 
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cremoris MG1363 while treatment at pressures in excess of 300 MPa inactivated the  

enzyme activity. 

 

 

1.2.3 Effect on cell morphology 

 

Intracellular damage has been studied for several researchers by observation under a 

light microscope. Hoover et al. (1989) reported a variety of morphological changes in 

cells after applying pressure treatments that included longer individual cells, separation 

of the cell wall from the cytoplasmic membrane, thickened cell walls with no membrane 

structure, clear zones of spongy or reticular structures in the cytoplasm, and a decrease 

in number of ribosomes. Ritz et al. (2001, 2002), using scanning electron microscopy, 

reported the occurrence of bud scars on the surface of Listeria monocytogenes cells after 

10 min of treatment at 400 MPa in citrate buffer. Intracellular regions of low density 

were observed in L. monocytogenes and L. lactis subsp. cremoris MG1363 using 

transmission electron microscopy (Mackey et al., 1994; Malone et al., 2002). These 

authors suggested that the low-density regions are caused by transient membrane 

invaginations under pressure that are subsequently reversed upon pressure release, 

leaving the low-density regions adjacent to the cell membrane. However, these low-

density regions were not observed in high pressure treated Salmonella enterica serovar 

Thompson (Mackey et al., 1994), suggesting that only the Gram positive cell wall may 

be associated with this phenomenon.  

 

Mañas and Mackey (2004) reported that membranes of exponential-phase cells showed 

physical disruption after pressurization, with the formation of vesicles, areas of 

engrossment, and also invaginations toward the cytoplasm. These authors suggested that 

the vesicles observed in pressurized exponential-phase cells could be from outer 

membrane materials, whereas engrossment areas, which occupied part of the cytoplasm, 

could be from the cytoplasmic membrane.  
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1.2.4 Effect on biochemical reactions 

 

The application of pressure enhances reactions that lead to a volume decrease and 

generally retards reactions involving a volume increase. Most biochemical reactions 

result in a change in volume. Consequently, biological processes are influenced by 

pressure application (Hoover, 1989). Pressure acts as a modulator of biochemical 

processes ranging from inhibition of bacterial growth or viability of viral particles to 

activation-inactivation of enzymatic reactions. Moreover, high pressure affects the 

structure and function of enzymes in a complex way by altering intra and intermolecular 

interactions involved in protein stability  (Dallet and Legoy, 1996). 

 

Simpson and Gilmour (1997) found that L. monocytogenes intracellular enzymes could 

be affected by high pressure treatments. The electrophoretic mobility of those enzymes 

was modified after pressure treatment corresponding to some variations of their 

conformational forms. In some instances, the activity of those enzymes appeared to 

decrease as pressure increased. 

 

 

1.2.5 Effect on genetic mechanisms 

 

Nucleic acids are relatively resistant to high pressures and as the structure of the DNA 

helix is largely the result of hydrogen bond formation, it is also stable under pressure 

(Patterson, 2005). However, an extreme condensation of the nuclear material was 

observed in L. monocytogenes and S. typhimurium (Mackey et al., 1994). The 

hypothesis is that at elevated pressures, DNA comes in contact with endonucleases, 

which cleave DNA. This condensation has been found in many other instances and it is 

reversible and, presumably, also an enzyme responsible for renaturation is involved. If 

this enzyme is deactivated by high hydrostatic pressure, the cell is no longer able to 

multiply (Smelt, 1998). 

 

One of the mechanisms that bacteria have developed to survive in unfavourable 

conditions is the ability to respond to stress situations. This stress response is mediated 

by a changed pattern of gene expression that typically results in an increased tolerance 

of the bacteria for the stress factor that triggered the response and usually also for a 
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number of other stress factors (Aertsen et al., 2004). Upon temperature stress and other 

environmental stresses, gene expression adjusts to adapt to such environmental changes 

through regulations by several DNA-binding proteins (Ishii et al., 2005). These authors 

studied pressure effects on E. coli using DNA microarray analysis and found that heat 

and cold stress responses were induced simultaneously by the elevated pressure.  

 

 

1.3 Effects and interactions of treatment variables 

 

The degree of inactivation depends on different factors: type of microorganism, amount 

of pressure applied, temperature and time of the treatment, pH of the dispersion 

medium, composition of the medium and the presence of antimicrobial compounds. 

 

 

1.3.1 Type of microorganism 

 

Generally, yeast and moulds are very sensitive to high pressure, Gram positive 

microorganisms are the most resistant and Gram negative are moderately sensitive. 

Yeast viability during hydrostatic pressure treatment decreases with increasing pressure 

and this effect is more pronounced when cells are submitted to pressures above 100 

MPa (Fernandes, 2005). Vegetative bacteria forms are inactivated by pressures between 

400 and 600 MPa while bacterial spores are extremely resistant and survive pressures in 

excess of 1,000 MPa.   

 

Smelt (1998) suggested that bacteria with a more fluid membrane are more resistant to 

high pressure. Gram positive bacteria are less sensitive than Gram negative probably 

due to the thicker cell wall (the rigidity of the teichoic acids in the peptidoglycan layer) 

of the former (Russell, 2002; Lado and Yousef, 2002). Bacteria of small size and 

coccoid in shape are generally more resistant to high hydrostatic pressure treatments 

than the large rod-shaped ones (Ludwing and Schreck, 1997). Several authors have 

suggested that the structure and thickness of the bacterial spores coats could be the 

reason for their high resistance. The formation of pores in spore coat during treatment at 

50-300 MPa may indicate that high hydrostatic pressure induces spore germination. No 

germination was observed at high pressures, likely because the environmental 
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conditions were potentially lethal to germinating spores (Smelt, 1998). Spore 

inactivation by pressure is due to the induction of spore germination by pressure, with 

the germinated spores then being killed rapidly by pressure (Sojka and Ludwing, 1994; 

Nakayama et al., 1996; Van Opstal, 2004).  

 

However, there are many exceptions of these general rules. Patterson et al. (1995) 

studied a clinical isolate of E. coli O157:H7 that possesses a pressure resistance 

comparable to spores. Arroyo et al. (1999) found that the resistance to high pressure 

was greater in Saccharomyces cerevisiae than in bacteria. This finding indicates that 

other factors than the shape and size of the cell are involved in cell resistance and the 

nature of the cell membrane influences cell resistance to alternative preservation 

processes. Paidhungat et al. (2002) reported that although the coats are important in 

spore resistance to some agents, they are not important in the resistance of spores to 

high pressure. Moreover, although one or more spore coat proteins are involved 

somehow in spore germination the spore coats are not important in pressure-induced 

spore germination. 

 

The conditions and stage of growth of microorganisms play an important role in 

determining their sensitivity to high pressure. McClements et al. (2001) demonstrated 

that L. monocytogenes strains in stationary phase showed higher inactivation rate when 

grown at 30ºC than grown at 8ºC. However, for Bacillus cereus, stationary-phase cells 

grown at 30ºC were more resistant than those grown at 8ºC. Actually, bacterial cells in 

exponential-phase of growth are less pressure resistant than those in stationary phase of 

growth (Smelt, 1998). In addition, a considerable variation in pressure resistance within 

strains of the same species has been demonstrated in Gram positive and Gram negative 

bacteria (Styles et al., 1991; Patterson et al., 1995; Alpas et al., 1999). Benito et al. 

(1999) suggested that the differences in resistance between E. coli O157:H7 strains 

were related to their susceptibility to membrane damage. 

 

The development of high levels of barotolerance in microorganisms has important 

implications for the practical application of pressure technology in food preservation. 

Hauben et al. (1997) found that E. coli cells subjected to successive pressurization 

cycles (18) developed barotolerance. For the parent strain, a pressure treatment of 220 

MPa produced a 10% of surviving cells, whereas at this same pressure, 50% of the 
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barotolerant mutant survived. Fernandes (2005) reported that S. cerevisiae cells 

submitted to a mild sublethal pressure do not acquire resistance to a subsequent rise to 

severely high hydrostatic pressure. Baroresistance after pressure treatment is only 

acquired if the yeast cells are incubated at room pressure for a short period of time 

before the severe high hydrostatic pressure stress. The protective effect is seen after 15 

min of incubation at atmospheric pressure and persists for one hour in the presence of 

severe pressure.  

 

  

1.3.2 Pressure level and time 

 

Generally, it is assumed that increases in the magnitude of pressure or length of 

exposure correspond to increasingly more adverse effects, and even death, to the 

microorganisms (Hoover, 1989). However, Kalchayanand et al. (1998a,b) reported that 

pressurization for a longer time at low pressure range (to minimize adverse effects on 

food texture and color) was not a great advantage for microbial inactivation, even if 

antibacterial compounds were included. 

 

 

1.3.3 Temperature 

 

Temperature during pressure treatment can have a significant effect on microbial 

survival. Increased inactivation is usually observed at temperatures above or below 

20ºC (Patterson, 2005). Bacterial cells are relatively less sensitive to hydrostatic 

pressure at 20-35ºC but become more sensitive to pressurization above 35ºC due to 

phase transition of membrane lipids (Kalchayanand et al., 1998b). Moreover, membrane 

repair of pressure induced pores could be harder to accomplish when intermolecular 

forces are weakened by warming (Russell, 2002). Several authors have reported that the  

effect of temperature on the viability of all strains studied was more pronounced at 

higher pressures (Hauben et al., 1997). Alpas et al. (2000) found that increasing the 

pressurization temperature from 25 to 35 and 45ºC and then to 50ºC had a significant 

effect on the viability loss of all the strains (Staphylococcus aureus, L. monocytogenes, 

E. coli O:157:H7, S. enteritidis and S. thypimurium) tested.  
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The effects of temperature are of great practical interest, because combined pressure and 

temperature processing may cause equivalent microbial inactivation ratios while 

operating at lower pressure levels and/or for shorter periods of time (Cheftel, 1995). It 

has been demonstrated that significant reductions in spore survival can be obtained by 

application of a cyclic process alternating between low and high pressures at moderate 

temperatures between 40 to 70°C (Wuytack et al., 1998). Cléry-Barraud et al. (2004) 

showed that the combination of heat and pressure resulted in complete destruction of B. 

anthracis spores, with a D value of approximately 4 min after pressurization at 500 MPa 

and 75°C, compared to 160 min at 500 MPa and 20°C and 348 min at atmospheric 

pressure and 75°C. 

 

Refrigeration temperatures can also enhance pressure inactivation. Gervilla et al. 

(1997a) reported that pressure treatments at 2ºC were more effective inactivating L. 

innocua inoculated in ewe’s milk than at room temperature (25ºC), but less effective 

than at 50ºC. The lower resistance of microorganisms at lower temperature could be 

also attributable to alteration of the cell membrane with resultant phase transition from 

liquid into gel (Eze, 1990). Hayakawa et al. (1998) showed that at sub-zero 

temperatures, the high pressure conditions generated (60-140 MPa) were able to 

inactivate microorganisms effectively: yeasts (S. cerevisiae and Zygosaccharomyces 

rouxii), bacteria (Lactobacillus brevis and E. coli), and fungi (Aspergillus niger and A. 

oryzae). However, S. aureus was only partly inactivated under the same conditions. 

 

 

1.3.4  pH 

 

The application of pressure can alter the pH of a medium, as well as, progressively, 

narrow the pH range for growth (Hoover et al., 1989; Stippl et al., 2004). Vegetative 

bacteria are quite sensitive to pressure and low pH and are more sensitive to sub-

optimal pH after pressure treatment (Smelt, 1998). Alpas et al. (2000) found that 

pressurization at 345 MPa of peptone water inoculated with strains of four foodborne 

pathogens in the presence of either citric or lactic acid increased their viability loss by 

an additional 1.2–3.9 log (cfu/ml) at pH 4.5 for both acids. Pagán et al. (2001) observed 

that pressure-damaged E. coli O157 cells were more acid sensitive than native cells 

suggesting that pressure sensitization may involve loss of cell protective or repair 
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functions. Whereas, yeasts and moulds are quite resistant to low pH and a pH lower 

than 4.0 hardly sensitises these microorganisms against pressure (Smelt, 1998).  

 

 

1.3.5 Composition of medium 

 

Several authors have reported that certain foods could protect microorganisms from 

pressure inactivation with factors such as low water activity, sodium chloride, sucrose 

and readily available supply of nutrients. Carbohydrates are generally more protective 

than salts. In general, low water activity protects cells against pressure but 

microorganisms injured by pressure are generally more sensitive to low water activity 

(Smelt, 1998).   

 

Salmonella spp. were more sensitive to pressure treatment in phosphate buffer saline 

(PBS) than in richer media such as chicken baby food (Metrick et al., 1989). UHT milk 

and raw milk inoculated with L. monocytogenes appeared to provide a protective effect 

and lessened cell death as compared to pressurization in PBS (Styles et al., 1991). 

Patterson et al. (1995) found that L. monocytogenes and E. coli were more resistant to 

pressure treatment in ultra heat treated (UHT) milk than in poultry meat or PBS and E. 

coli O157:H7 inactivation was significantly greater in poultry meat than in milk. In 

contrast, S. aureus was more resistant in milk than in poultry meat (Patterson and 

Kilpatrick, 1998). Gervilla et al. (1997a) found a baroprotective effect of ewe’s milk 

(6% fat) on L. innocua. Black et al. (2005) detected that milk had a clearly protective 

effect in the inactivation of Pseudomonas fluorescens at 250 MPa for 5 min at 20ºC. 

The reduction in milk was only 4.51 log (cfu/ml) whereas in PBS the cell population 

was reduced to undetectable levels from an initial number of 1.6 x 108 cfu/ml. The 

inactivation of E. coli by high hydrostatic pressure treatment at up to 550 MPa and 20ºC 

was studied in potassium phosphate buffer containing high concentrations of sucrose. E. 

coli strain MG1655 was pressure-sensitive in the absence of sucrose, but became highly 

pressure resistant in the presence of 10% to 50% (w/v) sucrose (Van Opstal et al., 2003). 

However, Ellenberg and Hoover (1999) reported no notable protective effect when 

Aeromonas hydrophila and Yersinia enterocolitica were pressurized in pork as 

compared to buffer or tryptic soy broth (TSB), or when they were pressurized in TSB as 

compared to buffer.  
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1.3.6 Antimicrobial compounds 

 

Several authors have reported a synergistic effect between high pressure and 

antimicrobial compounds like nisin (Masschalck et al., 2001; Kalchayannand et al., 

2004), lysozyme (López-Pedemonte et al., 2003), lacticin 3147 (Ryan et al., 1996) and 

lactoperoxidase system (García-Graells et al., 2003). 

 

Nisin is an antibacterial peptide produced by L. lactis subsp. lactis and it is active 

principally against Gram positive bacteria, but Gram negative bacteria, damaged cells in 

particular, may be sensitive to nisin as well. The primary site of action of nisin against 

vegetative cells is considered to be the cytoplasmatic membrane, acting as a 

depolarizing agent in a voltage-depenent fashion (Ray, 1992). Ponce et al. (1998) found 

that high hydrostatic pressure inactivation of E. coli and L. innocua inoculated in liquid 

whole egg was improved significantly with nisin addition at concentrations of 1.25 and 

5 mg/l. The combination of nisin and pressure promoted a large reduction in 

mechanically recovered poultry meat cell counts, specially for psychrotrophe 

populations (Yuste et al., 1998). The combination of high pressure and nisin has been 

also used to increase the inactivation of B. cereus in model cheese (López-Pedemonte et 

al., 2003). When the treatment (60 MPa at 30ºC for 210 min to germinate spores 

followed by 400 MPa at 30ºC for 15 min to eliminate the vegetative cells) was done 

adding 1.56 mg/l of nisin in the model cheeses the highest inactivation of the spores was 

obtained (2.4 log [cfu/g]). 

 

Lysozyme  is a natural component of egg white and their bactericidal properties were 

primarily ascribed to its N-acetylmuramoylhydrolase enzymic activity, resulting in 

peptidoglycan hydrolysis and cell lysis. However, new findings support the existence of 

a nonenzymic and/or nonlytic mode of action (Masschalck et al., 2002). Gram negative 

bacteria are normally insensitive to lysozyme by their outer membrane that acts as a 

physical barrier preventing the access of the enzyme (Masschalck and Michiels, 2003), 

but, several studies have showed that high hydrostatic pressure treatments can produce 

membrane permeabilization.  

 

Lacticin 3147 is a broad spectrum bacteriocin produced by L. lactis DPC3147, and is 

inhibitory to a wide range of Gram-positive organisms, including Listeria, Clostridium, 
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Enterococcus, Staphylococcus and Streptococcus (Ryan et al., 1996). Lacticin 3147 

elicits a bactericidal effect on sensitive cells first by interacting with the cell membrane. 

This causes the membrane to become porous for K+ and inorganic phosphate, which 

leak out of the cells. In an attempt to reaccumulate these ions, ATP dependent uptake 

systems lead to hydrolysis of internal ATP. Since ATP is required for the maintenance 

of essential cellular functions, such as the pH gradient at the cell membrane, cellular 

functions are disrupted and the cell eventually loses energy and dies. When cells are 

exposed to pressure in addition to lacticin induced membrane damage, the level of cell 

damage results in a greater kill than either treatment alone (Morgan et al., 2000). These 

researchers showed that the combination of 250 MPa (2.2 log [cfu/ml] of reduction) and 

lacticin 3147 (1 log [cfu/ml] of reduction) resulted in more than 6 log (cfu/ml) of 

viability loss of S. aureus ATCC6538 inoculated in 10% reconstituted skimmed milk. 

 

Lactoperoxidase is a native milk enzyme that catalyzes the oxidation of thiocyanate by 

peroxide into short-lived reactive oxidation products, such as the hypothiocyanite anion, 

that, in turn, rapidly oxidizes many biomolecules. Most relevant for microbial 

inactivation is probably the oxidation of enzymes and other proteins in the bacterial cell 

membrane that have exposed sulfhydryl groups. The first direct effect of 

lactoperoxidase action on the cell is membrane damage resulting in loss of pH gradient, 

K+ leakage, and inhibition of transport of solutes, such as amino acids and glucose. This 

enzyme has a broad working spectrum being effective for Gram positive and Gram 

negative bacteria (García-Graells et al., 2000). These authors detected an strong 

synergistic interaction of high pressure treatments and lactoperoxidase system for L. 

innocua strains. Inactivation over 7 log (cfu/ml) was achieved for all strains with a mild 

treatment (400 MPa, 15 min, 20°C), which in the absence of the lactoperoxidase system 

caused only 2 to 5 log (cfu/ml) of inactivation depending on the strain.  

 

 

1.4 Injured population 

 

Bacterial cells exposed to different physical and chemical treatments suffer injury that 

could be reversible in food materials during storage (Figure 2). Injury has been 

observed for many bacterial cells (Bozoglu et al., 2004). Several authors have detected 

injured cells after high pressure treatments (Metrick et al., 1989; Styles et al., 1991; 
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Patterson et al., 1995; Simpson and Gilmour, 1997; McClements et al., 2001; Chen and 

Hoover, 2003), suggesting that, given favourable conditions such as prolonged storage 

in a suitable substrate, these cells may be able to repair. Further studies have been done 

to confirm this behaviour. Carlez et al. (1994) found that, although there were not 

counts of Pseudomonas spp. after minced meat was pressurized (400 MPa, 20 min), 

growth was detected at day 6 of storage at 3ºC. García-Risco et al. (1998) showed that 

no psychrotrophic bacteria (<10 cfu/ml) were detected immediately after the pressure 

treatment (400 MPa, 30 min) of raw whole and skimmed milk, but after storage at 7ºC 

for 15 days the psychrotrophic counts reached levels similar to those of the mesophilic 

bacteria (5.30 and 5.68 log [cfu/ml]). Black et al. (2005) detected recovery and 

subsequent growth of P. fluorescens in milk during refrigerated storage from days 1 to 

10 in samples treated at 250 MPa for 5 min at 20ºC. This potential repairing is 

problematic and has particular significance for psychrotrophic foodborne pathogens that 

can survive and grow at refrigeration temperatures (McClements et al., 2001). On the 

other hand, high hydrostatic pressure induced injury can be advantageous in high acid 

foods, where lower pressure can be used to produce injured cells that could not repair in 

acidic medium (Bozoglu et al., 2004). Some authors suggest that high hydrostatic 

pressure treatments could restrict the pH range that bacteria can tolerate, possibly due to 

the inhibition of ATPase-dependent transfer protons and cations -or directly their 

denaturation- or the dislocation of bound ATPase in the membrane, and therefore 

recovery of sublethally injured cells would be reduced (Pagán et al., 2001; Wouters et 

al., 1998). 

 

Traditionally, injured cells produced by high pressure treatments have been detected 

using classic culture techniques (comparing viable counts on non-selective and selective 

media). Nevertheless, sublethally injured cells generally do not grow on or in selective 

media. This is because these media contain agents that may inhibit the repair of 

damaged cells, and so they are not detected. Alternative options have been proposed to 

these methods. Several researchers have been adding chemical products (sodium 

chloride, sodium dodecyl sulphate, a mixture of citric acid and Na2HPO4, or glucose) in 

nutritive culture media to act as selective agents and inhibit growth of injured cells 

(Patterson et al., 1995; Wuytack et al., 2002; O’Reilly et al., 2000). Patterson et al. 

(1995) detected differences between E. coli counts obtained in trypticase soy agar 

enriched with 6% of yeast extract (TSAYE) and TSAYE supplemented with 2% of 
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sodium chloride after 15 min of treatment at 600 MPa for UHT milk, poultry meat and 

PBS. Kang and Fung (1999) proposed the thin agar layer (TAL) method to recover 

injured microorganisms. This method consists of selective medium overlaid with non-

selective medium. During the first few hours of incubation of TAL plates, injured cells 

recover and start to grow on the non-selective medium top layer, whereas the agents of 

the selective medium gradually diffuse to the top layer. Then, the target microorganism 

performs most reactions that it typically does on selective medium, and growth of most 

other microorganisms is inhibited by the now lower concentration of selective agents 

(Kang and Fung, 1999, 2000). This method has been effective to recover inoculated 

pathogens injured by heat, acid, and chemicals treatments (Kang and Fung, 1999, 2000; 

Wu et al., 2001; Hajmeer et al., 2001; Yuste and Fung, 2002) and new research is trying 

to find if this method is useful to recover injured microorganisms produced by high 

hydrostatic pressure treatments or mainly allows differentiation of the inoculated 

pathogens from background microbiota (Yuste et al., 2003; Yuste et al., 2004). 

 

Bozoglu et al. (2004) reported that there are three states of cells just after pressure 

treatment: active cells (those that can form visible colonies on selective and non-

selective agar), primary injury (those that can form visible colonies on non-selective 

agar but not on selective agar, but can form colonies on selective agar during prolonged 

storage) and secondary injury (those that can not form visible colonies on either non-

selective or selective agar but can form colonies first on non-selective agar and later on 

selective agar during prolonged storage). These two types of injuries were observed in 

high pressure treated cells depending on the species and the level of pressure applied. 

Moreover, some researchers have detected, using flow cytometry and different 

fluorescent dyes, the presence of viable subpopulations that did not form colonies and 

were therefore not detected on agar media (Arroyo et al., 1999). Ritz et al. (2001) 

reported that high hydrostatic pressure treatments produce heterogeneous cell 

populations likely due to variations in levels of injury, metabolic activity and viability 

among the cells and due to this heterogeneity the reversible damage and the cellular 

repair that may occur under favourable conditions should not be ruled out. Ananta et al. 

(2004) reported that loss of capacity of forming colonies on agar as a consequence of 

pressure treatments beyond 500 MPa did not necessarily correlate with the absence of 

metabolic activity, in particular esterase activity. 
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Figure 2. Microbial stress, injury, adaptation and resistance to processing.  
Source: Lado and Yousef (2002). 
 

 

1.5  Kinetics  of  microbial inactivation  

 

The traditional approach to inactivation kinetics is based on the assumption that 

microorganisms or their spores die exponentially following first-order kinetics (Mussa 

and Ramaswamy, 1997; Gervilla et al., 1999). It also assumes that cells or spores have 

identical pressure resistance. Mussa et al. (1998) inoculated raw milk (containing the 

natural microbiota) with L. monocytogenes Scott A. Samples were subjected to different 

pressure treatments (150 to 400 MPa) for selected holding times of up to 120 min to 

evaluate kinetics of destruction of this microorganism. These authors found that all the 

pressures applied followed a first order rate of death in the destruction of L. 

monocytogenes as well as microbiota present in raw milk. Dogan and Erkmen (2004) 

determined high hydrostatic pressure kinetics of aerobic bacteria and L. monocytogenes 

inactivation in brain heart infusion broth, milk and in peach and orange juice. For this 

purpose, different pressures (200-700 MPa) at 25ºC for different holding times (25 to 

100 min) were applied. The decimal reduction times (D values) that these researchers 

obtained were about 3.04 and 2.43 min for aerobic bacteria and L. monocytogenes, 

respectively, in milk at 600 MPa, 2.13 and 1.52 min, respectively, in peach juice, and 

1.24 and 0.87 min, respectively, in orange juice. 
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However, deviations in log-linear models have been detected in form of tails (biphasics) 

and shoulders (Heldman and Newsome, 2003). Several authors have detected this 

behaviour. Kinetics of microbial inactivation of L. monocytogenes was not linear in 

time and Patterson et al. (1995) stated that it was not possible to calculate conventional 

D values as a method to determine relative pressure sensitivities of different organisms. 

In general, inactivation curves did not follow first-order kinetics but tended to be 

exponential, with an initial decrease in numbers, during the first 15 min of treatment 

followed by a tail, suggesting that a small fraction of the population was more pressure 

resistant. Gervilla (2001) reported that, in some of the microorganisms analysed, the 

kinetics changed from first order to second order after the first 15-20 min of high 

hydrostatic pressure treatment. A small group of cells could survive after a considerably 

long treatment that was expected to be completely lethal. This behaviour suggested that 

cells had the ability to adapt to the medium in high pressure conditions. However, 

Metrick et al. (1989) worked with Salmonella spp and pressurized the supposed 

resistant cells a second time. Comparing the resistance to pressure between the original 

culture and the remaining population, they found no significant changes. Tay et al. 

(2003) investigated the inactivation kinetics of L. monocytogenes Scott A (pressure-

sensitive strain) and OSY-8578 (pressure-resistant strain) at 350 and 800 MPa. First-

order kinetics was not suitable to describe the inactivation, and extended pressure 

treatment did not eliminate the tailing phenomenon. Chen and Hoover (2003) reported a 

strong tailing in the survival curves of Y. enterocolitica obtained at four pressure levels 

(300, 350, 400 and 450 MPa) in PBS and whole milk. They indicated that the best 

models for predicting pressure inactivation of this organism were the non-linear 

regression and the Weibull models and suggested that in each food is necessary to 

develop new models to predict the inactivation kinetics of microorganisms. Moreover, 

these authors (2004) studied also the survival curves of L. monocytogenes Scott A 

inactivated by high hydrostatic pressure at seven pressure levels (300, 350, 400, 450, 

500, 550 and 600 MPa) in UHT whole milk. In these case, the shapes of the survival 

curves were concave upward or downward depending on the treatment pressure levels 

and the Weibull model produced also a better fit than the linear model. Guan et al. 

(2005) studied the inactivation of S. typhimurium DT 104 in UHT whole milk by high 

hydrostatic pressure applying different pressures (350, 400, 450, 500, 550, and 600 

MPa) at room temperature and using four modelling methods (linear, Weibull, modified 

Gompertz and log-logistic models) to fit the results. A strong tailing was observed in all 
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survival curves and log-logistic model was the model that produced the best fit to 

survival data. 

 

1.6 Milk and dairy products as a vehicle of foodborne pathogens 

 
Milk is a nutritious medium that presents a favourable environment (near neutral pH) 

for the multiplication of microorganisms and supports a wide range of spoilage and 

pathogenic bacteria. Traditionally, raw or unpasteurized milk has been a major vehicle 

for transmission of pathogens. Dairy products have long been recognized as being 

susceptible to postprocessing contamination (Donnelly, 1990). Food poisoning 

outbreaks and other illnesses involving milk and milk products have been reported since 

the beginning of the dairy industry (Table 3). Nowadays, special attention is focused on 

milk and dairy products contaminated with pathogenic bacteria as L. monocytogenes, Y. 

enterocolitica, Campylobacter jejuni, A. hydrophila and enteropathogenic E. coli 

(Vasavada, 1988; Donnelly, 1990; Klausner and Donnelly, 1991; Jayarao and Henning, 

2001).  

 
Table 3. Some outbreaks associated with milk and dairy products contaminated with 
pathogenic bacteria 

Date Location Product Pathogen 

1982 

Arkansas 

Tennessee 

Mississippi 

Pasteurized milk Y. enterocolitica 

1985 Illinois Low fat milk S. typhimurium 

1986 Pennsylvania Ice cream L. monocytogenes 

1997 Washington Raw milk cheese S. typhimurium DT104 

2000 
Pennsylvania 

New Jersey 
Pasteurized milk S. typhimurium 

2001 France Cantal cheese S. enteritidis 

2002 Canada Unpasteurized Gouda cheese E. coli O157:H7 

Sources: Vasavada, 1988; Villar et al., 1999; Haeghebaert  et al., 2003; Olsen et al., 
2004; Honish et al., 2005.
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Heat treatment is the oldest and most widely used technological process applied to milk 

(Table 4).  

 
Table 4.  Heat treatments  more common used in dairy industry 

Treatment 
Temperature 

(ºC) 

Time  

(s or min) 

Termization 63-65 15-30 s 

Pasteurization 

  High Temperature  Short Time (HTST) 

  Low Temperature Long Time (LTLT) 

  Ultra Pasteurization 

 

72-75 

63-65 

125-138 

 

15-20 s 

30 min 

2-4 s 

Sterilization 

  Ultra High Temperature (UHT) 

  In-bottle 

 

135-140 

115-120 

 

2-4 s 

20-30 min 

Source: Gervilla, 2001 

 

The principal objective of pasteurization is the elimination of pathogens and the 

reduction of the natural microbiota that can be present in milk. But it has been reported 

that pasteurization may not destroy all foodborne pathogens in milk due to pathogens 

such as L. monocytogenes that can survive and thrive in post-pasteurization processing 

environments, thus leading to recontamination of dairy products (Oliver et al., 2005). 

Traditionally, the heat treatment usually applied to cheese milk is pasteurization. 

However, some researchers have found differences between cheeses made from raw and 

pasteurized milk; cheeses made from raw milk tend to develop a stronger flavour and 

generally ripen faster than cheeses made from pasteurized, due to inactivation of 

enzymes and destruction of the heat sensitive microbiota by pasteurization treatment 

(Grappin and Beuvier, 1997). 
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1.7 Gram negative bacteria used for this research 
 
1.7.1 Yersinia enterocolitica 

 

Y. enterocolitica is a facultative anaerobic, Gram negative, non-spore forming, short 

rod-shaped bacterium, currently classified as part of the family Enterobacteriaceae 

(ICMSF, 1998). It has been isolated from animals belonging to various taxonomic 

groups, from mammals to insects. This microorganism comprises over 60 serotypes but 

only a few are pathogenic for humans (Kapperud, 1991). This organism has been 

associated with human gastro-intestinal disease called yersiniosis, but may also cause 

further infections including skin, eye, muscle and wound abscesses, endocarditis and 

pharyngitis, and postinfection immunologic consequences in the form of arthritis and its 

complications, erythema nodosum, and thyroid disorders (Schiemann, 1987). The 

majority of Yersinia infections are food-borne. The spread of the disease is mainly 

dependent on the degree of hygiene standard at every step of the technological process 

of food processing, storage and distribution (Stojek, 1999).  

 

Y. enterocolitica has been isolated from humans in many countries, but it seems to be 

most frequently found in cooler climates (Kapperud, 1991). In Europe, Canada and 

Japan, the majority of cases are due to Y. enterocolitica serogroup O:3 and to O:9 on a 

lesser extent, and are caused by consumption of pork products. Pigs are regarded as 

major reservoirs of pathogenic Y. enterocolitica since it is often carried in the oral 

cavity or intestinal tract of healthy exemplars (Tauxe et al., 1987; Doyle, 1990; 

Andersen et al., 1991). In contrast, in the United States, the prevalent serotype between 

1976 and 1982 had been O:8. However, after 1988, several US outbreaks of Y. 

enterocolitica O:3 suggested a serogroup shift (Ackers et al., 2000). In Spain, O:3 is the 

most frequent serotype identified in human yersiniosis cases (Anonymous, 2001). 

 

The organism has been frequently isolated from raw milk and even from pasteurized 

milk (Larkin et al., 1991). Milk has been implicated in several outbreaks of yersiniosis. 

The cases with more people affected have been reported in the United States. In 

September and October 1976, an outbreak of illness linked to consumption of chocolate 

milk contaminated with Y. enterocolitica resulted in the hospitalization of 36 children. 

Investigation of this outbreak revealed that Yersinia was introduced during hand mixing 
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of unpasteurized chocolate syrup with pasteurized milk in an open vat (Black et al., 

1978). In July 1981, gastrointestinal disorders of varying severity were observed in 239 

campers and staff members at a summer camp in New York State. Y. enterocolitica 

serogroup O:8 was isolated from 54% of persons examined. Isolates belonging to the 

same serogroup and biogroup of human isolates were recovered from dissolved 

powdered milk and a milk dispenser, amongst others (Morse et al., 1984). In June and 

July 1982, a large interstate outbreak of yersiniosis occurred in Tennessee, Arkansas 

and Mississippi. Pasteurized milk was epidemiologically implicated as the vehicle of 

the infection (Tacket et al., 1984). Although yersiniosis outbreaks from cheese have not 

been reported, some studies have showed the ability of Y. enterocolitica to grow in Brie 

cheese (Little and Knochel, 1994) and survive in Turkish feta cheese (Erkmen, 1996). 

 

The psychrotrophic nature of this organism is of particular significance in milk and milk 

products that are normally stored at low temperatures. In raw milk, Y. enterocolitica 

strains could survive in presence of high numbers of competing microorganisms and 

could maintain the virulence plasmid during extended storage at refrigeration 

temperatures (Larkin et al., 1991). In pasteurized milk, contamination has been mainly 

attributed to the inadequate pasteurization or post process contamination (Klausner and 

Donnelly, 1991; Kushal and Anand, 1999). 

 

 

1.7.2 Salmonella spp. 

 

Salmonella is ubiquitous in nature and the serotypes that can cause human infections 

occur in all types of animals, including a significant but unknown number of domestic 

animals. Infections exhibit a number of clinical presentations, but gastrointestinal 

disorders are the most common clinical manifestation. The severity and duration of 

symptoms depend on the type of Salmonella present, the amount of food eaten and the 

susceptibility of the person involved (El-Gazzar and Marth, 1992). The two most 

prevalent serovars of Salmonella currently isolated from foodborne outbreaks in USA 

and Europe are S. enterica serovar enteritidis and S. enterica serovar typhimurium 

(Mattick et al., 2001; Anonymous, 2003). Moreover, S. enterica serovar enteritidis is 

one of the Salmonella serotypes most commonly associated with morbidity and 

mortality in humans (Ahmed et al., 2000).  
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Raw and pasteurized milk and different types of cheeses have been involved in several 

outbreaks (CDC, 1985; Table 3). Some studies have showed that when milk becomes 

contaminated with Salmonella spp. after pasteurization, the pathogen could survive the 

cheese making process and persist for several months in the cheese (Leyer and Johnson, 

1992). In ripened Cheddar cheese, Salmonella counts were detected for up to 7 months 

at 7ºC. In cold-packed cheeses, cells were found depending on the pH value and 

preservative used (El-Gazzar and Marth, 1992). Moreover, fat and proteins in cheese 

can protect foodborne pathogens from gastric acidity, reducing the number of organisms 

necessary to cause clinical infections (Altekruse et al., 1998). These trends increase the 

need of detecting low numbers of Salmonella cells in cheeses .  

 

 

1.7.3 Escherichia coli  

 

E. coli is a Gram negative, non-spreforming, rod-shaped organism. Different groups 

have been recognized, namely, enteropathogenic, enterotoxigenic, enteroinvasive, 

enteroaggregative and enterohaemorrhagic (Vasavada, 1988; Nataro and Kaper, 1998; 

Gonzalez Garcia, 2002).  

 

E. coli O157:H7 has emerged as a foodborne pathogen of major concern for the food 

industry due to its ability to cause severe illness, in particular haemorrhagic colitis, 

haemolytic uraemic syndrome and thrombotic thrombocytopenic purpura. Dairy cattle 

is considered a main reservoir of E. coli O157:H7 for human infection (Doyle, 1991) 

being fecal contamination of milk an important vehicle for its transmission (Borczyk et 

al., 1987; Gonzalez Garcia, 2002).  

 

This pathogen has been isolated from raw milk (Reitsma and Henning, 1996), and 

multiple outbreaks of E. coli O157:H7 linked to ingestion of raw milk and dairy 

products have been reported (Altekruse et al., 1998; Honish et al., 2005). In many 

countries, the fact that raw milk is used for cheese manufacture increases the risk that 

pathogenic bacteria would contaminate the product (De Buyser et al., 2001). Several 

authors have studied the ability of E. coli O157:H7 to grow and survive in different 

types of cheese. In fresh cheese, E. coli O157:H7 grew 2 log (cfu/g) during cheese 
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manufacture (Arocha et al., 1992), but total inactivation was obtained during the heat 

treatment. Reitsma and Henning (1996) found that this microorganism was able to grow 

during Cheddar cheese manufacture even with an initial inoculum in milk of 1 cfu/ml. 

E. coli O157:H7 also survived the manufacture of Camembert and Feta cheeses 

(Ramsaran et al., 1998) and reached counts higher than those present in milk after 75 

and 65 days of storage, respectively. Moreover, Maher et al. (2001) found that this 

pathogen was able to survive all stages of smear-ripened cheese production up to 70 

days post-manufacture. 

 

 

1.8 Effect of high hydrostatic pressure on microorganisms in milk 

 

The interest in high hydrostatic pressure for treatment of milk has increased mainly due 

to the possibility of reducing the microbial number without significant effects on 

flavour or nutritional components. In fact, several studies have currently examined 

pressure inactivation of microorganisms that are either naturally present in milk or 

introduced into the milk artificially.  

 

Styles et al. (1991) studied the effect of high pressure treatments in raw and UHT milk 

inoculated with 6 log (cfu/ml) of L. monocytogenes Scott A. The total inactivation of 

this microorganism was obtained after treating samples at 340 MPa for 80 min, in the 

case of UHT milk, and 60 min, in the case of raw milk. López-Fandiño et al. (1996) 

evaluated the effects of high pressure treatments (from 100 to 400 MPa) applied for 

different periods (10 to 60 min), on the biochemical and microbiological characteristics 

of raw milk. Psychrotrophic bacteria were reduced with pressure more quickly than total 

bacterial counts. After applying 300 MPa for 30 min and 10 min at 400 MPa, no 

psychrotrophic bacteria were detected by the plate count method (<10 cfu/ml). These 

authors suggested that this failure in growth initiation could be due to the lower 

incubation temperature and these microorganisms could have been regenerated under 

more favourable conditions.  

 

Gervilla et al. (1997b) inoculated ovine milk (6% fat) with E. coli and P. fluorescens at 

a rate of 106 and 107 cfu/ml, respectively and treated the samples with different 

combinations of pressure (300, 400, 450 and 500 MPa), temperatures (2, 10, 25 and 
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50ºC) and times (5, 10 and 15 min). Inactivation (over 6 log [cfu/ml]) of both strains 

was observed at 50ºC for all the pressures and times and the lowest reduction was 

observed at 10ºC for E. coli and at 25ºC for P. fluorescens. Mussa and Ramaswamy 

(1997) used different combinations of pressure (200-400 MPa) and times (5 to 20 min) 

to inactivate microorganisms present in raw milk. These authors found that milk 

subjected to a microbial inactivation of 4 times de D value at 350 MPa had a shelf-life 

of 25 days at 0ºC, 18 days at 5ºC or 12 days at 10ºC.  

 

Patterson and Kilpatrick (1998) used different combinations of pressure, temperatures 

and times to eliminate the population of E. coli O157:H7 and S. aureus inoculated in 

UHT milk and poultry. In UHT milk, population of E. coli was reduced 5 log (cfu/ml) 

when was treated at 400 MPa for 15 min at 50ºC and for S. aureus, the reduccion was 

approximately 6 log (cfu/ml) when it was treated at 500 MPa for 15 min at 50ºC. Mussa 

et al. (1998) applied different pressures (150-400 MPa) for selected holding times of up 

to 120 min to raw milk inoculated with 106 cfu/ml of L. monocytogenes Scott A to study 

the kinetics of destruction of this microorganism and the natural flora present in the 

milk. At 400 MPa, the instantaneous pressure kill (destruction achieved due to 

application of a pressure pulse with no hold-time) was higher for L. monocytogenes than 

the normal flora (2.10 log [cfu/ml]).  

 

The effects of high pressure on the viability and acidifying and peptidolytic activities of 

L. lactis ssp. lactis, L. casei ssp. casei and L. plantarum strains were studied by Casal 

and Gómez (1999). Cells, inoculated in 10% reconstituted bovine skim milk, were 

treated at different pressures (100 to 400 MPa) for 20 min at 20°C. The Lactococci were 

more sensitive than the Lactobacilli to pressures of 100 to 350 MPa. The pressure-

treated cells exhibited lower acidification rates, even with treatments that did not affect 

cell viability and  increased the hydrolytic activity of these microorganisms on the 

carboxyl-terminal fragment from b-casein (C-peptide), which contributes to bitterness in 

cheese. Gervilla et al. (1999) inoculated ovine milk with S. aureus and L. helveticus at a 

concentration of 107 cfu/ml and treated the samples using different combinations of 

pressures (200, 300,  400, 450 and 500 MPa), temperatures (2, 10, 15, 25 and 50ºC) and 

times (5, 10 and 15 min). These authors found that S. aureus was extremely resistant to 

pressure and cell reductions above 7 log (cfu/ml) were only achieved after applying 500 

MPa at 50ºC for 15 min. For L. helveticus the pressure treatments were more effective 
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at low (2 and 10ºC) and moderately high (50ºC) temperatures than at room temperature 

(25ºC).   

 

Linton et al. (2001) studied the pressure resistance of a range of pathogenic E. coli in 

skimmed milk applying different pressures (200-700 MPa) for 15 min at 20ºC. A 

pressure treatment of 500 MPa for 40 min gave only a 4 log (cfu/ml) reduction of the 

two most resistant strains (NCTC 11601 and NCTC 9706) but after a treatment of 600 

MPa for 30 min, no survivors of either strain could be detected (> 7 log [cfu/ml]).  

Molina-Höppner (2002) reported that high pressure treatments of L. lactis spp. cremoris 

MG1363 inoculated in milk buffer, initially affected metabolic activity and 

subsequently damaged membrane integrity. After a treatment for 5 min at 300 MPa the 

metabolic activity was 10-12% of the activity of untreated microorganisms and after 12 

min of treatment the cells did not show any metabolic activity. During the treatment at 

300 MPa cell death was closely followed by the loss of metabolic activity, but cultures 

retained about 25% of metabolic activity, even after 3 log (cfu/ml) reduction in cell 

counts.  

 

Bozoglu et al. (2004) studied the effect of high pressure treatments on two Gram 

positive (L. monocytogenes and S. aureus) and two Gram negative (E. coli O157:H7 

and S. enteritidis) bacteria inoculated in milk and the formation of injured cells. The 

pathogens were pressurized at 350, 450 and 550 MPa for 10 min and stored at 4, 22 and 

30ºC over a period of four weeks. Except for L. monocytogenes where there was 

survival at 350 MPa (colony formation on both selective and non-selective agars), 

pathogens were either inactivated or injured at all pressures studied. Gao et al. (in press) 

employed response surface methodology (RSM) to create a quadratic equation to 

predict the optimum process parameters for a 6 log (cfu/ml) reduction of L. 

monocytogenes inoculated in milk buffer. The conditions found to obtain this reduction 

with this microorganism were a pressure treatment at 448 MPa for 11 min at 41°C. 

 

Moreover, several researchers have studied the potential of combining high hydrostatic 

pressure treatments with antimicrobial compounds to reduce the pressures required for 

microbial inactivation in milk. Morgan et al. (2000) evaluated the combination of high 

pressure (150-600 MPa, 30 min, 25ºC) and lacticin 3147 (10,000 AU/ml) to improve the 

inactivation of S. aureus ATCC6538, inoculated in 10% reconstituted skimmed milk, 



Introduction 
 

 29

and L. innocua DPC1770, inoculated in 20% reconstituted demineralised whey powder. 

The results showed a more than additive effect when both treatments were used in 

combination for both bacterial species. In the case of S. aureus, up to 200 MPa little or 

no effect on viability was observed. Above this pressure, a rapid decline in viability 

occurred, with approximately a 6 log (cfu/ml) kill being detected at 300 MPa. L. 

innocua demonstrated results similar to those observed for the other strain up to 200 

MPa. At 275 MPa, a 3 log (cfu/ml) reduction in viable cell numbers was observed and, 

at 325 MPa, viable cells were not detectable and the reduction in population was greater 

than 6 log (cfu/ml).  

 

García-Graells et al. (2003) studied the inactivation of different bacteria (E. coli 

MG1655 and LMM1010, S. typhimurium, P. fluorescens, S. aureus, Enterococcus 

faecalis, L. innocua and L. plantarum) by high pressure in skimmed milk supplemented 

with the lactoperoxidase-hydrogen peroxide-thiocyanate (LP) system at naturally 

concentration. In absence of pressure treatment, the effect of LP system varied with the 

bacterial strain from bactericidal (P. fluorescens) to bacteriostatic or inhibitory (E. coli 

MG1655, L. innocua, S.aureus, L. plantarum and E. faecalis), or no effect (S. 

typhimurium and E. coli LMM1010). The presence of the LP system affected 

inactivation by high pressure in a cell density dependent manner. At low concentration 

(106 cfu/ml), the LP system strongly increased high pressure inactivation except E. coli 

LMM1010 (pressure resistant strain) and at high concentration (109 cfu/ml) only 

inactivation of L. innocua, E. faecalis and L. plantarum were enchanced at relatively 

mild pressures (400-450 MPa). The behaviour of Gram negative (E. coli and P. 

fluorescens) and Gram positive bacteria (L. innocua and L. viridescens) associated with 

milk, in response to application of high pressure (250–500 MPa, 5 min, 20ºC) combined 

with nisin (0, 250, or 500 IU/ml) was evaluated by Black et al. (2005). These authors 

found that the combination of high pressure and nisin not only showed a synergistic 

effect to enhance the level of inactivation for bacteria in milk but also an effective effect 

in sensitising E. coli and P. fluorescens to this bacteriocin.   
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1.9 Effect of high hydrostatic pressure on microorganisms in cheese 

 

In cheese, differences in the degree of microbial inactivation obtained applying high 

hydrostatic pressure could be due to the species and the quantity of starter cultures used 

as well as cheese acidity and composition (O’Reilly et al., 2001). Several authors have 

studied the effect of high hydrostatic pressure alone or combined with bacteriocins on 

microorganisms and spores indigenous or inoculated in different types of cheese to 

control microbial growth.  

 

Capellas et al. (1996) elaborated fresh cheese inoculated with E. coli CECT 405. 

Samples were treated using combinations of pressure (400-500 MPa), temperature (2, 

10 or 25ºC) and time (5, 10 or 15 min) and subsequently stored at 2-4 ºC. No survival of 

E. coli cells were detected 1 day after pressurisation, except in samples treated for 5 min 

at 25ºC at pressures of 400-450 MPa while E. coli in the untreated control cheese 

remained at a concentration around 108 cfu/g. No surviving E. coli were detected in 

cheese treated at 400-500 MPa for 5-15 min at 2, 10 or 25ºC after 15, 30 or 60 days of 

storage. O’Reilly et al. (2000) studied the effect of high pressure on the inactivation of 

three microbial contaminants (E. coli, S. aureus and Penicillium roqueforti) in Cheddar 

cheese, cheese slurry inoculated together at a level of 107 and 106 cfu/g, respectively. 

Cheese slurries (combination of 100 g of Cheddar cheese curd chips and 42 g of 10% 

sterile saline solution) were subjected to pressures of 50 to 800 MPa for 20 min at 

temperatures of 10, 20 and 30ºC. At 400 MPa, the viability of P. roqueforti in cheese 

slurry decreased over 2 log (cfu/g) at 10ºC and around 6 log (cfu/g) at temperatures of 

20 and 30ºC. S. aureus and E. coli were not detected after high pressure treatments in 

cheese slurries at pressures higher than 600 MPa at 20ºC and 400 MPa at 30ºC, 

respectively. Cheddar cheeses were treated at 100 to 500 MPa for 20 min at 20ºC and 

they found that the organisms were more sensitive to pressure in cheese than in slurry, 

specially E. coli.  

 

The effectiveness of high pressure treatment alone or combined with the addition of 

nisin or lysozyme in reducing levels of Bacillus cereus in model cheeses elaborated 

with raw milk has been evaluated for López-Pedemonte et al. (2003). For this purpose, 

model cheeses were submitted to a germination cycle of 60 MPa at 30°C for 210 min 

or/and to a vegetative cells destruction cycle of 300 or 400 MPa at 30°C for 15 min. 
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These authors found that the combination of both cycles improved the efficiency of the 

whole treatment and the highest inactivation (2.4  log [cfu/g]) was obtained with the 

presence of nisin when cheeses were treated at 400 MPa. Arqués et al. (2005) reported a 

synergistic effect of high hydrostatic pressure treatments combined with bacteriocins 

(lacticin 481, nisin Z, nisin A, non-characterized bacteriocin TAB 57, non-characterized 

bacteriocin TAB 7, enterocin I and enterocin AS-48) to inactivate S. aureus inoculated 

in cheese elaborated with raw milk and ripened for 60 days at 12ºC. For this purpose, 

cheeses were treated on day 2 or day 50 at 300 MPa (10ºC, 10 min) or 500 MPa (10ºC, 

10 min). Rodríguez et el. (2005) found similar effects using the same bacteriocins that 

Arqués et al. (2005) but, in this case, studying E. coli O157:H7.  

 

 

Some authors have studied the effect of high hydrostatic pressure treatments on acid 

lactic bacteria. O’Reilly et al. (2002) worked with cheese starters (L. lactis strains 303, 

223, 227 and AM2) and subjected them to high pressure (100–400 MPa , 25ºC, 20 min) 

either in citrate buffer (pH 5.3), the same buffer containing 4.5% NaCl, or in cheese 

manufactured using each strain individually as a starter. Inactivation and cell lysis 

(release of lactate) of each strain were examined post-pressurisation. These authors 

found that starter bacteria were more pressure tolerant in cheese than in buffer and the 

application of pressures over 200 MPa caused significant inactivation of starter cultures 

in Cheddar cheese (differing between strains at 400 MPa) but without inducing 

autolysis. Wick et al. (2004) studied the effect of high pressure to control the ripening 

process of Cheddar cheese. For this purpose, 1 and 4 months old Cheddar cheeses were 

subjected to pressures ranging from 200 to 800 MPa for 5 min at 25ºC. The number of 

viable L. lactis (starter) and Lactobacillus (non-starter) cells decreased as pressure 

increased. For the pressure treated  cheeses at 300, 500 and 800 MPa after 1 month of 

aging, L. lactis population did not change significantly during incubation (24 weeks). 

But in the case of untreated and cheeses treated at 200 MPa the population of L. lactis 

began to decrease after 84 days of keeping cheeses at 10ºC. Viable Lactobacillus cells 

in 500 and 800 MPa treated cheeses were below the detection limit of 10 cfu/g 

throughout the sampling period. For cheeses pressurized at 4 months of age, all the 

pressure treatments (500, 600, 700 and 800 MPa) resulted in significant reductions in 

starter culture levels. Slight increase in cell numbers occurred over time in moderate 

pressure treatments (500 and 600 MPa), while no changes occurred in the highest 
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pressure treatments (700 and 800 MPa). Pressure treatments of 500, 600, 700 and 800 

MPa reduced the Lactobacillus population to undetectable levels (detection limit of 10 

cfu/g) where it remained during incubation at 10ºC. Counts just above the detection 

limit were found in the 500 and 700 MPa samples after 24 weeks. Non-starter bacteria 

can have a positive effect on cheese flavour; thus, the early inactivation of Lactobacillus 

in Cheddar cheese ripening (after applying pressures over 400 MPa) may cause a 

dramatic change in cheese flavour development and proteolysis during ripening.  

 

Moreover, some researchers applied high hydrostatic pressure treatments directly on 

milk before making cheese. Drake et al. (1997) made Cheddar cheese with with raw, 

pasteurized (72ºC, 15 s) and high pressure treated milk. Microbiological quality of 

pressurized milk and cheese was comparable to pasteurized milk and cheeses. However, 

a small number of coliforms were only detected in pressurized milk suggesting the 

authors that these coliforms could have been injured and unable to survive the 

cheesemaking process. Buffa et al. (2001) made cheese with raw, pasteurized (72ºC, 15 

s) and high pressure treated (500 MPa, 20ºC, 15 min) goat milk to compare their 

bacteriological quality during ripening time (45 days). The cell counts obtained for the 

groups studied (total bacteria, psychrotrophic bacteria, Enterobacteriaceae, Lactobacilli, 

Lactococci, Enterococci, Micrococcaceae) in cheese samples made with pasteurized and 

pressure treated milk were similar. 
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2.1 Aim of this dissertation 

 

The objective of this dissertation was to evaluate the effect of high hydrostatic pressure 

and the ability for survival, repair and growth after the treatment of three human 

pathogenic microorganisms (Y. enterocolitica, S. enterica and E. coli) inoculated in 

skimmed milk (only in the case of Y. enterocolitica strains) and in model cheese 

produced with or without starter culture. Moreover, the variation in pressure resistance 

between different serotypes of the same organism and the kinetics of microbial 

inactivation (only in milk, for one of the most baroresistant strains of Y. enterocolitica) 

were determined. 
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2.2 Sampling Protocol 
 

 
 
         Figure 3. Milk experiments. aFor kinetic study

Inoculated milk 
( 107- 108 cfu/ml) 

UHT skimmed milk 

Control 
(stored at 8ºC) 

Treated samples 
(stored at 8ºC) 

Blank 
(stored at 8ºC) 

Microbiological analyses 
(at 0, 1, 7 and 15 days after treatment) 

Y. enterocolitica strains 

High hydrostatic pressure treatments 
300, 400 and 500 MPa for 10 min at 20ºC 

300 MPa for 10, 20, 30, 40, 50 and 60 min at 20ºCa 
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a For short term experiments; b For long term experiments; cOnly with CECT 4055 strain (serotype O:3). 
 

         Figure 4. Model cheese experiments with Y. enterocolitica strains. 
 

Control 
(stored at 8ºC) 
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(stored at 8ºC) 

Microbiological  
analyses 

Pasteurization 
(65ºC, 30 min) 

Milk inoculated with 
starter  

Cheese making process 
Cheese making process 

Long Term 
( at 0, 15, 30, 45 and 60 days after treatment)c 

Treated cheese samples 
(stored at 8ºC) 

Raw Milk 
(4ºC) 

Short Term 
( at 0, 1, 7 and 15 days after treatment) 

High hydrostatic pressure treatment 
300, 400 and 500 MPa for 10 min at 20ºCa 

300 and 400 for 10 min at 20ºCb 
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aFor E. coli strains; b For S. enterica strains; c8ºC for E. coli strains and 12ºC for S. enterica strains. 
 
Figure 5. Model cheese experiments with E. coli and S. enterica strains 

Blank 
(stored at 8 or 12ºC) 
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300 and 400 MPa for 10 min at 20ºCb 

Inoculated milk with E. coli or S. enterica 
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(at cheese production day) 

Cheese samples 
(at cheese production day and 0, 1, 7 and 15 days after 

treatment) 

Microbiological  
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(stored at 8 or 12ºC) 
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3.1 Bacterial strains  

 

The bacteria used in this research are shown in Table 5. 

  
 Table 5.  Bacterial strains 

 

Microorganisms 

 

Serotype 

 

Culture 

 

Source 

Yersinia enterocolitica  O:1 aCECT 559 chinchilla 

Yersinia enterocolitica  O:3 CECT 4055 blood culture 

Yersinia enterocolitica  O:8 CECT 4054 
blood of human 

patient 

Yersinia enterocolitica O:9 CECT 754 human faeces 

Salmonella enterica Enteritidis bATCC 13076 - 

Salmonella enterica Thypimurium ATCC 13311 human faeces 

Escherichia coli  O59:H21 CECT 405 - 

Escherichia coli  O157:H7 CECT 5947 - 

  aCECT: Spanish Type Culture Collection, Universidad de Valencia, Valencia, Spain. 
  bATCC: American Type Culture Collection, University Boulevard, Manassas, USA. 
 

 

All the strains were moisturized following the protocol provided by CECT or ATCC 

and were kept in cryobeads (Nalgene® System 100TM, Microkit Iberica S.L., Madrid, 

Spain) at –20ºC. 
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3.2 Inocula preparation 

 
Strains were revived by placing one cryobead in 10 ml brain heart infusion broth (BHI, 

Oxoid, Basingtoke, UK) supplemented with 0.6% of yeast extract (BHIYE, Oxoid) and 

incubated for 24 h at 30ºC in the case of Y. enterocolitica CECT 4055 and CECT 4054 

strains and at 37ºC for the rest of the strains. One ml of the first culture was transferred 

to 10 ml of BHIYE and incubated for an additional 18 h at the same temperatures, to 

allow the culture to reach the stationary phase. Then, cells were centrifuged at 1,250 x g 

for 15 min at room temperature, washed once in 10 mM phosphate-buffered saline 

(PBS, Oxoid) and the pellets were resuspended in PBS to a final concentration of about 

108-109 cfu/ml. 

 
 
 3.3 Starter culture preparation  

 
A mixture of commercial lyophilized strains of Lactococcus lactis subsp. lactis and 

Lactococcus lactis subsp. cremoris (Ezal MAO 11, Rhodia Iberia S.A., Madrid, Spain), 

that is known as a non-bacteriocin producer, was used as a starter culture for the 

washed-curd model cheese manufacture. The culture was revived inoculating 0.015 g of 

mixture in 1,000 ml of commercial sterilized skimmed milk and incubated at 30ºC for 

24 h. A volume of 50 ml was used to prepare a subculture in 200 ml of sterilized 

skimmed milk, which was incubated under the same temperature and time conditions.  

 

 

3.4 Sample preparation 

 

3.4.1 Skimmed milk 

 

These experiments were performed only with Y. enterocolitica strains. An aliquot of the 

inoculum was added to UHT skimmed milk to obtain a final concentration near 107-108 

cfu/ml. Thirty milliliters of milk were dispensed into low density polyethylene bottles 

(Azlon, Bibby Sterilin Ltd, Staffordshire, UK) avoiding the formation of air bubbles and 

the caps were sealed with Parafilm. Bottles were twice vacuum packaged in plastic bags 

(Cryovac Packaging, Sant Boi de Llobregat, Spain) before applying the high hydrostatic 

pressure treatment.  



Materials and Methods 
 

 43

3.4.2 Model cheese manufacture 

 

The protocol for model cheese production (López-Pedemonte et al, 2003; Figure 6) has 

been adapted from the procedures proposed by Shakeel-Ur-Rehman et al. (1998) and 

Hynes et al. (2000). Raw cow’s milk obtained from a local farm was transported and 

stored at 4ºC. Before inoculation, milk was pasteurized at 65ºC for 30 min and cooled to 

32ºC in an ice and water bath. Two per cent (vol/vol) of starter culture and  0.01% 

(vol/vol) of a 35% CaCl2 dilution (Arroyo, Santander, Spain) were added. Milk was 

kept in a water bath at 32ºC for 20 min and then inoculated with approximately 1% 

(vol/vol) of initial inoculum (except blanks). 0.02% (vol/vol) of liquid rennet extract of 

bovine origin (520 mg/l of active chymosin, Arroyo, Santander, Spain) was added as 

coagulating agent. Centrifugation bottles (Nalgene®, Nalge Nunc International, 

Rochester, USA) were filled with 225 ml of inoculated milk and placed in a bath at 

32ºC for 40 min until curd was formed. Curd was cut into small pieces and kept in the 

water bath while temperature was increased to 37ºC for over 5 min. The bottles were 

kept in the bath at 37ºC for further 15 min. Curds were washed to avoid excessive 

acidification, substituting 40% (vol/vol) of whey with sterile water. Bottles were then 

centrifuged at 7,000 x g for 40 min at 20ºC and kept in their containers in a water bath at 

37ºC until pH 5.5 was reached. When pH of the resulting cheeses dropped to 5.5 (only 

in the case of cheese made with starter), whey was completely removed from the bottles 

by decantation and cheeses were salted by adding, in each bottle, 100 ml of 20% 

(wt/vol) NaCl sterile brine for 15 min. After this, cheeses were removed from the 

centrifugation bottles using sterile pincers and dried on sterile paper. They had a final 

weight of approximately 23 g with 55% of dry matter and 1.5% of salt in moisture 

content. In the case of model cheeses produced without starter culture, the same 

protocol without adding starter culture was followed. Cheeses were twice vacuum 

packed in plastic bags (Cryovac Packaging, Sant Boi de Llobregat, Spain) and stored 

overnight at 8ºC  (in the case of Y. enterocolitica and E. coli strains) and at 12ºC (for 

Salmonella strains) before high hydrostatic pressure treatment.  

 
 



Materials and Methods 
 

 44 

 

Figure 6. Cheese making process.

Raw Milk 
(4ºC) 
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3.5 High pressure treatment  

 

The details of the three high pressure equipments used in this research and the 

conditions of the treatments applied in milk and cheese samples are showed in Table 6.  

 

 

3.6 Microbiological analyses 

 

3.6.1 Skimmed milk 

 

Ten-fold dilutions from each sample of skimmed milk were made in maximum recovery 

diluent (Oxoid, MRD). One milliliter of the appropriate dilution was plated into brain 

heart infusion agar (Oxoid, BHI) plates containing 0.6% of yeast extract (BHIAYE), to 

count both injured and non-injured cells, and into BHIAYE plates supplemented with 

2% NaCl (Panreac, Panreac Química S.A, Montcada i Reixac, Spain), to count only 

non-injured cells (Patterson et al., 1995). Plates were incubated at 32ºC for 48 h. 

Representative colonies (two from each plate) were picked and inoculated onto a 

BHIYE plate and incubated at 32ºC for 24 h before being identified using biochemical 

tests (API 20E, Bio-Mérieux, Marcy-L’Etolie, France). 

 

 

3.6.2 Model cheese  

 

Ten g of each sample were homogenized in 90 ml of MRD for 1 min using an 

electromechanical blender (BagMixer®, Interscience, St Nom, France) at room 

temperature. Ten-fold serial dilutions were produced in MRD and 1 ml of appropriate 

dilution was plated into Selective culture medium (SCM) to count non-injured cells. A 

modification of the thin agar layer method (TALm) (Kang and Fung, 1999) was used to 

count both injured and non-injured cells to a detection level of 10 cfu/g. After a 

selective medium layer, the first layer (7 ml) of nutritive medium was added. Then, 1 ml 

of appropriate dilution of cheese sample and a second layer (7 ml) of nutritive medium 

was added.  
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The culture media and the incubation conditions used for cheese samples are shown in 

Table 7. 

 

To check the presence of injured cells in cheese samples that did not show colonies 

growing in both culture media, an enrichment procedure was used. For this purpose, the 

first dilution of each sample obtained after high hydrostatic pressure treatment and after 

1, 7 and 15 days of storage in the case of E. coli and S. enterica strains, and after 15, 30, 

45 and 60 days in the case of Y. enterocolitica strains, was stored at the right 

temperature for 24 h. A loopful of this culture was streaked onto a plate of selective 

culture medium and incubated at the appropriate temperature for 24 h. 

 

 

3.7 Expression of results 

 

Results are expressed as the logarithm of colony-forming units (cfu) per ml or g, in milk 

and cheese, respectively. Increase value during cheese manufacture was calculated as 

the difference between the logarithms of colony counts of control cheese samples (Nc) 

and milk samples (Nm) analysed at the end of cheese production (log Nc- log Nm). 

Decrease value was calculated as the difference between the logarithms of colony 

counts of the control (N0) and treated samples at day 0 (log No- log N). All the 

experiments were run three times with duplicate analyses each time. 

 

Lethality is the common word to express the reductions obtained after applying high 

pressure treatments (the difference between the logarithms of colony counts of the 

control and treated samples at day 0). Several authors (including ourselves) have used 

this term, but we are now persuaded that it is more appropriate to express reductions in 

cell counts with the expression decrease value, because traditional culture media are not 

able to recover all the viable population present in the samples due to the formation of 

injured cells. 
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3.8 pH measurement 

  

Model cheese pH was determined using a penetration electrode (Crison, Crison 

Instruments S.A., Alella, Spain). pH values were based on the mean of nine 

measurements. 

 

 

3.9 Statistical analyses  

 
Analysis of variance was performed using the General Linear Models Procedure of 

SAS® software (SAS® System for WindowsTM, 8.02, 1999, SAS Institute, Inc., Cary, 

North Carolina, USA). Tukey and Student-Newman-Keuls tests were used to obtain 

paired comparisons among sample means. Level of significance was set at P <0.05. 

 
 

3.10 Kinetic study of microbial inactivation 

 

The decimal reduction time (D value) was calculated from the absolute value of the 

inverse of the slope of the linear-regression equations by plotting log numbers of 

survivors versus time (FDA/CFSAN, 2000). 



 

 

48 

 
Table 6.  Details of high hydrostatic pressure equipments and the conditions of the treatments applied. 

Pressure chamber 

Equipment Diameter 

(cm) 

Length 

(cm) 

Microorganisms Samples Treatments 

ACB  

(Nantes, France) 
10 25 

Y. enterocolitica strains 

 

 

E. coli strains 

Milk 

 

 

Cheese 

A) 300, 400 and 500 MPa for 10 min at 20ºC 

B) 300 MPa for 10, 20, 30, 40, 50 and 60 min at 20ºC 

 

A) 300, 400 and 500 MPa for 10 min at 20ºC 

 

Stansted 

(Stansted, UK) 

3.5 12 Y. enterocolitica strains Cheese A) 300, 400 and 500 MPa for 10 min at 20ºC 

 

ACB 

(Nantes, France) 

30 70 S. enterica strains Cheese A) 300 and 400 MPa for 10 min at room temperature 
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Table 7. Culture media and incubation conditions used for cheese samples analyses. 

Microorganisms 
Selective culture 

medium (SCM) 

Nutritive culture 

medium (NCM) 
Conditions 

Y. enterocolitica 

 

Yersinia cefsulodin-irgasan-
novobiocin agar 
(Oxoid, CIN) 

BHIAYEa SCM  32ºC 48 h 

TALm
b

 32ºC 48 h 

E. coli 

 

Sorbitol McConkey agar 
containing selective 
cefixime tellurite 
supplement (Oxoid, SMC) 

BHIAYE 
SCM  37ºC 24 h 

TALm 37ºC 24- 48 h 

S. enterica 

 

Salmonella Chromogenic 
agar base containing 
Salmonella Selective 
Supplement (Oxoid, SC) 

BHIAYE 
SCM  37ºC 24 h 

TALm 37ºC 24- 48 h 

Lactococcus lactis 

 

M17 agar (Oxoid, M17) 
supplemented with 5%  
(wt/vol) of  lactose 

- SCM  30ºC 48 h 

aBHIAYE, brain heart infusion agar supplemented with 0.6% of yeast extract 
bTALm, modification of thin agar layer method 
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Abstract

Four human pathogenic strains of Yersinia enterocolitica (serotypes O:1, O:3, O:8, and O:9) were inoculated (7–8 log CFU/

ml) in UHT skimmed milk and treated at 300, 400, and 500 MPa for 10 min at 20 8C, and then kept at 8 8C to assess their

evolution for 15 days. Treatments at 400 and 500 MPa caused the highest lethality, generally reaching counts below detection

level (1 CFU/ml) in the culture media. At 300 MPa, the most baroresistant serotypes were O:3 and O:8. After 15 days of storage

at 8 8C, Y. enterocolitica showed growth over 8 log (CFU/ml) in all treatments. Kinetic study of microbial inactivation in

skimmed milk was performed with serotype O:8 at 300 MPa, showing a tailing after 35 min of pressure treatment.

D 2005 Elsevier B.V. All rights reserved.

Keywords: Yersinia enterocolitica, skimmed milk, high hydrostatic pressure; Sublethally injured cells
1. Introduction

Yersinia enterocolitica has been associated with a

human gastro-intestinal disease called yersiniosis

(Schiemann, 1987). In Europe, Canada, and Japan,

the majority of cases are due to Y. enterocolitica

serotype O:3 and, to a lesser extent, to serotype O:9

(Andersen et al., 1991). In the United States, recent
0168-1605/$ - see front matter D 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.ijfoodmicro.2004.11.025

* Corresponding author. Tel.: +34 93 581 14 60; fax: +34 93

581 14 94.

E-mail address: ArturXavier.Roig@uab.es (A.X. Roig-Sagués).
outbreaks suggested a serotype shift from O:8 to O:3

(Ackers et al., 2000). In Spain, O:3 is the only

serotype identified in human yersiniosis cases (Anon-

ymous, 2001).

Although pigs are regarded as major reservoirs of

pathogenic Y. enterocolitica, this organism has been

frequently isolated from raw milk, which is being

implicated in several outbreaks of yersiniosis (Tacket

et al., 1984; Larkin et al., 1991). The psychrotrophic

nature of this organism is of particular significance in

milk and milk products that are normally stored at low

temperatures. In raw milk, Y. enterocolitica strains

were able to survive in the presence of high numbers
biology 102 (2005) 337–342
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of competing microorganisms and were able to

maintain the virulence plasmid during extended

storage at refrigeration temperatures (Larkin et al.,

1991).

High hydrostatic pressure (HHP) is currently

considered as an attractive non-thermal process for

preserving food. HHP could induce a number of

changes to morphology, biochemical reactions, and

genetic mechanisms, and to cell membrane and the

wall of microorganisms, but do not cause negligible

impairment of organoleptical and nutritional value

(Hoover et al., 1989). However, a considerable

variation in pressure resistance within strains of the

same species has been demonstrated (Patterson et al.,

1995). Several authors have detected sublethally

injured cells after high-pressure treatments (Metrick

et al., 1989; Patterson et al., 1995; Simpson and

Gilmour, 1997; McClements et al., 2001; Chen and

Hoover, 2003), suggesting that these cells may be able

to repair themselves under favourable conditions. This

potential repairing is problematic and has particular

significance for psychrotrophic foodborne pathogens

that can survive and grow at refrigeration temper-

atures (McClements et al., 2001).

The main aim of this study was to investigate the

response to HHP of different strains of Y. enter-

ocolitica in skimmed milk belonging to different

serotypes involved in human diseases. The ability of

this pathogen for survival, repair, and growth in

refrigerated storage after pressure treatment was also

examined. One of the most baroresistant strains was

selected to estimate its kinetics of microbial inactiva-

tion in milk.
2. Materials and methods

2.1. Inocula preparation

Four strains of Y. enterocolitica were obtained

from the Spanish Type Culture Collection (CECT,

Universitat de Valencia, Valencia, Spain): CECT 559

(serotype O:1), CECT 4055 (serotype O:3), CECT

4054 (serotype O:8), and CECT 754 (serotype O:9).

Strains were revived in 10 ml of Brain Heart Infusion

broth (BHI; Oxoid, Unipath, Basingtoke, UK) con-

taining 0.6% yeast extract (BHIYE, Oxoid) and

incubated at 30 8C (strains CECT 4055 and CECT
4054) or 37 8C (strains CECT 559 and CECT 754) for

24 h. 1 ml of the first culture was transferred to 10 ml

of BHIYE and incubated for an additional 18 h at the

same temperatures to let the culture reach the sta-

tionary phase. Then cells were centrifuged at 1250�g

for 15 min at room temperature, washed once in 10

mM phosphate-buffered saline (PBS; Oxoid), and the

pellets were resuspended in PBS to a final concen-

tration of approximately 108–109 CFU/ml.

2.2. Sample preparation

An aliquot of the inoculum was added to commer-

cial sterilized (UHT) skimmed milk to obtain a final

concentration about 107–108 CFU/ml. 30 ml volumes

of milk were dispensed into low-density polyethylene

bottles (Azlon, Bibby Sterilin, Staffordshire, UK),

avoiding air bubbles, and caps were sealed with

Parafilm (Pechiney Plastic Packaging, Neenah, USA).

Bottles were double vacuum-packed in plastic bags

(Cryovac Packaging, Sant Boi de Llobregat, Spain)

before applying high-pressure treatment.

2.3. High-pressure treatment

Milk samples were pressurized in a discontinuous

isostatic press (ALSTOM, Nantes, France) with a

pressure chamber of 10 cm diameter and 23 cm

length. The time needed to achieve maximum

pressure (500 MPa) was 2 min. The pressure chamber

and the pressurization medium inside were adjusted to

20 8C with a constant flow of water. Samples were

held in a water bath at 20 8C for 10 min to reach the

treatment temperature. The temperature of the pres-

surization fluid was measured by a thermocouple.

Skimmed milk samples were pressurized at 300, 400,

and 500 MPa for 10 min at 20 8C and skimmed milk

samples for kinetic studies were treated at 300 MPa

and 20 8C for 10, 20, 30, 40, 50, and 60 min.

2.4. Sampling protocol

Three groups of skimmed milk samples were

analysed: non-inoculated (blank samples); inoculated

with Y. enterocolitica but not treated by HHP (control

samples); and inoculated and HHP-treated (pressur-

ized samples). All samples were stored at 8 8C after

high-pressure treatment. Microbiological analyses
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were performed at 0 (just after HHP treatment), 1, 2,

4, 7, 10, and 15 days after treatment. For kinetic study

of microbial inactivation, samples were analysed at

day 0. Experiments were run three times with

duplicate analysis in each replicate.

2.5. Microbiological analyses

Tenfold dilutions from each sample of skimmed

milk were made in Maximum Recovery Diluent

(MRD; Oxoid). 1 ml of the appropriate dilution was

plated into Brain Heart Infusion Agar (BHIA; Oxoid)

plates containing 0.6% yeast extract (BHIAYE, Oxoid)

to count both injured and non-injured cells, and into

BHIAYE plates supplemented with 2% NaCl (Panreac,

Panreac Quimica SA, Montcada i Reixac, Spain) to
Table 1

Mean (n=6) and standard deviation of counts in BHIAYE and BHIAYE sup

inoculated in skimmed milk and pressurized at 20 8C for 10 min

Time

(days)

Treatment

(MPa)

O:1 O:3

BHIAYE BHIAYE+2%

NaCl

BHIAYE BHIAY

NaCl

0 0 7.72F0.14 7.76F0.19 7.88F0.15 7.48F0

300 3.71F0.82 3.43F0.72 5.25F1.45 4.22F2

400 0.72F1.12 n.d. 0.37F0.58 n.d.

500 n.d. n.d. n.d. n.d.

1 0 8.26F0.05 7.41F0.64 8.62F0.28 8.37F0

300 4.40F0.55 4.09F0.63 5.81F1.40 5.47F1

400 1.21F1.65 0.90F1.39 1.20F1.10 n.d.

500 n.d. n.d. n.d. n.d.

2 0 – – – –

300 5.37F0.72 5.23F0.98 6.56F1.51 6.65F1

400 2.96F1.05 2.70F0.99 1.20F1.39 0.87F1

500 n.d. n.d. n.d. n.d.

4 0 – – – –

300 7.93F0.54 7.71F0.74 8.25F0.74 8.04F0

400 5.23F1.98 5.06F1.94 3.38F0.22 3.10F0

500 0.95F1.09 0.62F0.97 0.65F0.73 0.43F0

7 0 – – – –

300 8.99F0.04 8.74F0.03 8.96F0.11 8.75F0

400 7.63F0.94 7.17F1.45 6.99F0.73 6.58F0

500 1.46F2.26 1.18F1.84 2.14F0.28 1.18F0

10 0 – – – –

300 8.83F0.12 8.74F0.12 8.90F0.13 8.84F0

400 8.64F0.43 8.51F0.38 8.58F0.29 8.21F0

500 2.58F4.00 2.56F3.97 5.69F0.95 5.13F1

15 0 9.11F0.21 8.84F0.10 8.70F0.44 9.07F0

300 8.84F0.05 8.80F0.11 8.99F0.10 8.96F0

400 8.99F0.10 8.86F0.10 9.03F0.25 9.00F0

500 5.69F4.40 5.54F4.43 8.82F0.21 8.72F0

n.d.=not detected. Level of detection=1 CFU/ml.
count only non-injured cells (Patterson et al., 1995).

Plates were incubated at 32 8C for 48 h. Representative

colonies (two from each plate) were picked and

inoculated onto a BHIYE plate and incubated at 32

8C for 24 h before being identified using biochemical

tests (API 20E, BIO-Mérieux, Marcy-L’Etoile,

France). Results are expressed as the logarithm of

colony-forming units (CFU) per ml.

2.6. Statistical analyses

Analysis of variance was performed using the

General Linear Models Procedure of SASR software

(SASR System for Windowsk, 8.02, 1999; SAS

Institute, Cary, North Carolina, USA). Tukey and

Student–Newman–Keuls tests were used to obtain
plemented with 2% of NaCl of four strains of Yersinia enterocolitica

O:8 O:9

E+2% BHIAYE BHIAYE+2%

NaCl

BHIAYE BHIAYE+2%

NaCl

.20 8.10F0.19 8.04F0.14 7.97F0.43 7.49F0.21

.06 5.24F0.43 4.92F0.35 3.85F0.56 3.31F0.77

0.20F0.31 n.d. 0.59F0.92 0.53F0.87

n.d. n.d. n.d. n.d.

.15 8.61F0.28 8.24F0.39 8.68F0.29 8.22F0.19

.73 5.80F0.58 5.63F0.54 4.75F0.34 4.24F0.35

0.43F0.87 0.51F0.57 0.99F1.53 n.d.

n.d. n.d. n.d. n.d.

– – – –

.73 6.78F0.66 7.00F0.95 5.30F0.53 5.46F0.55

.01 1.34F1.55 1F1.07 1.93F2.23 1.18F2.05

0.90F1.03 0.61F1.05 n.d. n.d.

– – – –

.65 8.52F0.17 8.29F0.36 8.31F0.36 7.64F0.95

.17 4.88F1.48 4.60F1.53 4.00F2.03 4.41F2.76

.60 1.41F2.63 1.58F2.86 0.73F1.14 0.31F0.97

– – – –

.12 8.98F0.12 8.68F0.07 8.99F0.10 8.74F0.10

.55 8.04F0.51 7.68F0.73 7.75F0.78 7.43F1.06

.93 3.55F4.03 3.45F4.08 1.46F2.17 1.18F1.84

– – – –

.13 9.01F0.14 8.98F0.15 8.88F0.11 8.44F0.62

.46 8.73F0.10 8.46F0.59 8.87F0.37 8.60F0.51

.06 4.96F3.45 4.64F3.33 4.05F3.48 3.52F3.48

.13 9.02F0.14 8.89F0.16 8.93F0.16 8.26F0.37

.10 8.94F0.09 8.98F0.04 8.89F0.12 8.58F0.14

.21 9.09F0.21 9.04F0.19 9.10F0.11 8.81F0.11

.32 8.55F0.29 8.79F0.28 5.81F4.51 5.68F4.41
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paired comparisons among sample means. Level of

significance was set at Pb0.05. Three replicate

experiments were run, with duplicate analysis in

each of them.

2.7. Kinetic study of microbial inactivation

The decimal reduction time (D value) was calcu-

lated from the absolute value of the inverse of the

slope of the linear regression equations by plotting log

numbers of survivors versus time (FDA/CFSAN,

2000). R2 value was the criterion used to compare

the two mathematical models. The higher the R2

value, the better the adequacy of the model to describe

data (Chen and Hoover, 2003).
-1

0
0 10 20 30 40 50 60

Time of treatment (min)

0 10 20 30 40 50 60
Time of treatment (min)

0 10 20 30 40 50 60
Time of treatment (min)

y = 0.002x2 - 0.234x + 9.017
R 2  = 0.992

0

1

2

3

4

5

6

7

8

9

10

lo
g 

(C
F

U
/m

l)

b

y = -0.092x + 5.642
R 2  = 0.938  D = 10.93 min

y = -0.183x + 8.823
R 2  = 0.996  D = 5.47 min

0

1

2

3

4

5

6

7

8

9

10

lo
g 

(C
F

U
/m

l)

c

Fig. 1. Mathematical models of kinetics of microbial inactivation of

Y. enterocolitica serotype O:8 at 300 MPa and 20 8C: (a) linear

regression; (b) quadratic adjustment; and (c) simplification of

quadratic adjustment with D values.
3. Results and discussion

3.1. High-pressure effect at day 0

Treatments at 400 and 500 MPa proved to be

effective for all the studied strains (Table 1).

Although there were no significant differences

(PN0.05) between these two treatments, a few viable

cells were still observed in the culture medium after

400 MPa treatment. Statistical differences (Pb0.05)

were observed in the lethality values of the four

strains treated at 300 MPa. Serotypes O:3 and O:8

were clearly more baroresistant than O:1 and O:9.

This variation in pressure resistance within strains of

the same species has already been reported in other

Gram-negative bacteria (Patterson et al., 1995;

Benito et al., 1999).

3.2. Behaviour of Y. enterocolitica after HHP

Skimmed milk samples treated at 300 MPa showed

growth over 8 log units after approximately 4 days of

storage at 8 8C, reaching stationary phase. 400 MPa

treatment caused more lethality than 300 MPa, but it

is important to point out that although in three strains

(O:1, O:8, and O:9) two out of three of the replicates

did not offer counts at day 0, cells started to grow

between days 1 and 4. At 500 MPa, cells started to

grow between days 1 and 10 (mostly at day 4), except

in one replicate of strains O:1 and O:9 that only

started growing after day 15.
There were no significant differences (PN0.05)

between Y. enterocolitica counts in BHIAYE and

BHIAYE supplemented with 2% NaCl in any treat-
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ment. This would suggest that the treatment at 300

MPa did not cause a significant number of injured

cells in any of the strains studied. Nevertheless, at 500

MPa, the fact that cells started to grow after some days

suggests that the treatment had injured them seriously

and they needed time to repair themselves. The

considerably high repair and growth abilities of Y.

enterocolitica in milk may be due to the nutritive

nature of the medium and its liquid nature combined

with the psychrotrophic behaviour of the pathogen.

Metrick et al. (1989) reported that Salmonella spp.

strains were able to repair themselves in chicken but

not in a buffer with the same conditions of pressure

treatment and storage. Apparently, the lack of

available nutrients in buffer prevented the cells from

repairing. Moreover, Ellenberg and Hoover (1999)

reported that growth of pressure-treated Y. enter-

ocolitica stored at 30 8C was more rapid in TSB than

in pork and suggested that injured cells may obtain

nutrients more easily and quickly from liquid media.

The presence of injured cells that needed time to

repair and grow has also been observed in heat-treated

milk (Kushal and Anand, 1999).

3.3. Kinetic study of microbial inactivation

One of the most baroresistant strains in milk

(serotype O:8) was selected to determine the kinetics

of population reduction and to determine the D value.

Two mathematical models were compared: linear

regression and quadratic adjustment. Quadratic adjust-

ment was the mathematical model that better fitted the

results (R2=0.992). In order to calculate D values,

quadratic adjustment could be represented by two

equations obtained by linear regression. In conse-

quence, two D values were established (Fig. 1).

Some authors have already described this kinetic

trend (Gervilla, 2001; Chen and Hoover, 2003),

naming it as tailing (Metrick et al., 1989) and

suggesting that it is due to stabilization of the

remaining population. Patterson et al. (1995) stated

that for that reason, it was not possible to calculate

conventional D values as a method to determine

relative pressure sensitivities of different organisms.

Chen and Hoover (2003) reported a strong tailing in

the survival curves of Y. enterocolitica obtained at

four pressure levels (300, 350, 400, and 450 MPa) in

PBS and whole milk. They indicated that the best
models for predicting pressure inactivation of this

organism were the nonlinear regression and the

Weibull models. Although this behaviour may suggest

that cells had the ability to adapt to the medium in

HHP conditions, being more pressure-resistant, Met-

rick et al. (1989) did not find significant differences

after HHP treatment when comparing the resistance to

pressure between the remaining population and the

original culture of Salmonella spp.
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ABSTRACT

The effects of high hydrostatic pressure treatment and the ability for survival, repair, and growth of three human pathogenic
serotypes (O:1, O:3, O:8) of Yersinia enterocolitica were investigated in washed-curd model cheese made with pasteurized
bovine milk. Samples were treated at 300, 400, and 500 MPa for 10 min at 208C and analyzed at 0, 1, 7, and 15 days to
assess the viability of the Yersinia population. A long-term study (up to 60 days of ripening after high hydrostatic pressure
treatment) was also undertaken. Treatments at 400 and 500 MPa caused maximum lethality, and only the treatment at 300
MPa showed significant differences (P , 0.05) between serotypes; the most baroresistant was O:3. Ability to repair and grow
was not observed after 15 days of storage at 88C. Yersinia counts in untreated cheese samples also decreased below the
detection limit at day 45 in the long-term study. These results suggest that the cheese environment did not allow recovery of
injured cells or growth. A primary contributing factor to this effect seemed to be the low pH resulting from the production
of lactic acid during cheese ripening.

High hydrostatic pressure (HHP) is viewed as one of
the more promising nonthermal methods for inactivation of
microorganisms in food. HHP induces a number of changes
to morphology, biochemical reactions, genetic mechanisms,
cell membrane, and wall of microorganisms (7). Gram-neg-
ative bacteria and cells in exponential growth phase are,
respectively, more sensitive than gram-positive bacteria and
stationary-phase cells (1). The effect of the matrix during
treatment (15, 20, 21, 25) and its effect after treatment dur-
ing the recovery of the microorganisms (24) determine mi-
crobiological safety and stability in food. Sublethally in-
jured cells have been detected after high pressure treatments
(14, 15, 21, 23, 25), suggesting these cells may be able to
recover given favorable conditions, such as prolonged stor-
age in a suitable substrate.

Yersinia enterocolitica is considered to be a foodborne
pathogen associated with the human disease called yersi-
niosis, gastroenteritis being the most frequently clinical
manifestation (22, 27). This organism has been classified
into approximately 60 serotypes, but pathogenic signifi-
cance in humans is mainly associated with just a few of
them: O:3, O:9, O:8, and O:5,27. In Europe, Canada, and
Japan, the majority of cases of yersiniosis are caused by Y.
enterocolitica serotype O:3 and to a lesser extent by O:9.
In the United States the most frequently isolated serotype
is O:9, followed by O:5,27 (10).

The psychrotrophic nature of this organism is of par-
ticular significance in milk and milk products that are nor-
mally stored at low temperatures. Yersiniosis outbreaks
from cheese have not been reported, although milk has been

* Author for correspondence. Tel: (34) 93 581 14 46; Fax: (34) 93 581
14 94; E-mail: Marta.Capellas@uab.es.

implicated in several outbreaks of yersiniosis (2, 16, 26),
and some studies have shown the ability of Y. enterocolitica
to grow in Brie cheese (12) and survive in Turkish Feta
cheese (6).

In some studies, the effect of high hydrostatic pressure
on inoculated or indigenous microorganisms and spores in
different types of cheese (slurries, fresh, and ripened) has
been evaluated (17), but more research needs to be under-
taken in human pathogens like Y. enterocolitica. We chose
to work with washed-curd model cheeses (13, 28). This
allowed us to produce cheeses inoculated with pathogenic
microorganisms in our laboratory under controlled bacte-
riological conditions.

The objectives of this study were to determine the re-
sponse to HHP of three human pathogenic serotypes (O:1,
O:3, O:8) of Y. enterocolitica in model cheese, as well as
the variation in pressure resistance between different sero-
types of the same organism, and the ability of this pathogen
for survival, repair, and growth in refrigerated storage after
pressure treatment.

MATERIALS AND METHODS

Bacterial strains. Three strains of Y. enterocolitica were ob-
tained from the Spanish Type Culture Collection (CECT; Univer-
sidad de Valencia, Valencia, Spain): CECT 559 (serotype O:1),
CECT 4055 (serotype O:3), and CECT 4054 (serotype O:8).

The following protocol has been adapted from the one pro-
posed by Patterson et al. (21). Strains were revived by placing
one cryobead (Nalgene System 100, Microkit Iberica S.L., Ma-
drid, Spain) in 10 ml of brain heart infusion broth (Oxoid, Ba-
singstoke, UK) containing 0.6% yeast extract (Oxoid). Strains
CECT 4055 and CECT 4054 were incubated at 308C and CECT
559 at 378C for 24 h. One milliliter of the first culture was trans-
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ferred to 10 ml of brain heart infusion broth containing 0.6% yeast
extract and incubated for an additional 18 h at the same temper-
atures to allow the culture to reach the stationary phase. Cells
were centrifuged at 1,250 3 g for 15 min at room temperature
and washed once in 10 mM phosphate-buffered saline (Oxoid),
and the pellets were resuspended in phosphate-buffered saline to
a final concentration of about 108 to 109 CFU/ml.

Starter preparation. A mixture of commercial liofilized
strains of Lactococcus lactis subsp. lactis and Lactococcus lactis
subsp. cremoris (Ezal MAO 11, Rhodia Iberia S.A., Madrid,
Spain) was used as a starter culture for the model cheese manu-
facture. The culture was revived inoculating 0.015 g of starter in
1,000 ml of commercial sterilized skimmed milk and incubated
at 308C for 24 h. A volume of 50 ml was used to prepare a
subculture in 200 ml of sterilized skimmed milk, which was in-
cubated under the same temperature and time conditions.

Model cheese manufacture. The protocol for model cheese
production was developed by López-Pedemonte et al. (13). Raw
cow’s milk obtained from a local farm was transported and stored
at 48C. Before inoculation, milk was pasteurized at 658C for 30
min and cooled to 328C in an ice and water bath. We added 2%
(vol/vol) of starter culture and 0.01% (vol/vol) of a 35% CaCl2
dilution (Arroyo, Santander, Spain). Milk was kept in a water bath
at 328C for 20 min and then inoculated with 1% (vol/vol) of Y.
enterocolitica inoculum (except blanks). We added 0.02% (vol/
vol) of liquid rennet extract of bovine origin (520 mg/liter of
active chymosin, Arroyo) as a coagulating agent. Centrifugation
bottles (Nalge Nunc International, Rochester, N.Y.) were filled
with 225 ml of inoculated milk and placed in a bath at 328C for
40 min until curd was formed. Curd was cut into small pieces and
kept in the water bath, and the temperature was increased to 378C
over 5 min. The bottles were kept in the bath at 378C for 15 min
more. Curds were washed to avoid excessive acidification, sub-
stituting 40% (vol/vol) of whey with sterile water. Bottles were
then centrifuged at 7,000 3 g for 40 min at 208C and kept in
their containers in a water bath at 378C until pH 5.5 was reached.
When the pH of the resulting cheeses dropped to 5.5, whey was
completely removed from the bottles by decantation and cheeses
were salted by adding, in each bottle, 100 ml of 20% (wt/vol)
NaCl sterile brine for 15 min. After this, cheeses were removed
from the centrifugation bottles using sterile pincers and dried on
sterile paper. They had a final weight of approximately 23 g with
55% of dry matter and 1.5% of salt in moisture content. Cheeses
were twice vacuum packed in plastic bags (Cryovac Packaging,
Sant Boi de Llobregat, Spain) and stored at 88C for 15 to 18 h
before high pressure treatment.

High pressure treatment. Cheese samples were pressurized
in a discontinuous isostatic press (Stansted Fluid Power Ltd.,
Stansted, UK) with a pressure chamber measuring 3.65 cm in
diameter and 24 cm in length. The pressure chamber and the pres-
surization medium inside were adjusted to 208C with a constant
flow of water. Samples were placed in a water bath at 208C for
10 min to reach the treatment temperature. Cheese samples were
pressurized at 300, 400, and 500 MPa for 10 min at 208C, and
samples for long-term analysis were treated at 300 and 400 MPa
for 10 min at 208C.

Sampling protocol. Three groups of cheese samples were
analyzed: noninoculated (blank samples), inoculated with Y. en-
terocolitica but not treated by HHP (control samples), and inoc-
ulated and treated (pressurized samples). All samples (treated and
untreated) were stored at 88C. Microbiological analyses were per-
formed at 0 (immediately after HHP treatment), 1, 7, and 15 days

after treatment. Long-term samples were analyzed at day 0 (im-
mediately after HHP treatment), 15, 30, 45, and 60 days. Exper-
iments were run three times with duplicate analysis each time.

Microbiological analyses. Ten grams of each sample was
homogenized in 90 ml of maximum recovery diluent (Oxoid) for
1 min using an electromechanical blender (BagMixer, Intersci-
ence, France) at room temperature. Tenfold serial dilutions were
prepared in maximum recovery diluent (Oxoid), and 1 ml of ap-
propriate dilution was plated into Yersinia cefsulodin-irgasan-no-
vobiocin agar (CIN, Oxoid) to count noninjured cells. A modifi-
cation of the thin agar layer method (TAL) (9) was used to count
both injured and noninjured Y. enterocolitica cells to a detection
limit of 10 CFU/g. After a selective medium (CIN) layer, the first
layer of nutritive medium (brain heart infusion broth containing
0.6% yeast extract) was added. Then, 1 ml of appropriate dilution
of cheese sample and a second layer of nutritive medium was
added. All plates were incubated at 328C for 48 h. Representative
colonies of Y. enterocolitica (two from each plate) were picked
and inoculated onto brain heart infusion broth containing 0.6%
yeast extract plates and incubated at 328C for 24 h before iden-
tification using a biochemical test (API 20E, Bio-Mérieux, Marcy-
L’Etoile, France).

Results are expressed as log CFU per gram. Lethality was
calculated as the difference between the logarithms of colony
counts of the untreated and treated samples (log N0 2 log N).

An enrichment procedure was used to check the presence of
injured Y. enterocolitica cells in cheese samples for long-term
analyses. First dilution of cheese was stored at 308C for 24 h. A
loopful of this culture was streaked onto a plate of CIN and in-
cubated at 328C for 24 h. Growing colonies were identified using
biochemical tests (API 20E).

pH measurement. Model cheese pH was determined using
a penetration electrode (Crison, Crison Instruments S.A., Alella,
Spain). pH values were based on the mean of nine measurements.

Statistical analyses. Analysis of variance was performed us-
ing the general linear models procedure of SAS software (SAS
System for Windows, 8.02, 1999, SAS Institute, Inc., Cary, N.C.).
Tukey and Student-Newman-Keuls tests were used to obtain
paired comparisons among sample means. Level of significance
was set at P , 0.05.

RESULTS

High pressure effect at day 0. Lethality results ob-
tained immediately after HHP treatments in model cheeses
with Y. enterocolitica serotypes O:1, O:3, and O:8 are
shown in Table 1. Treatments of 400 and 500 MPa caused
the highest lethality, reaching counts below the detection
level (10 CFU/g) in all serotypes. Thus, lethality values of
both treatments depended on the level of Y. enterocolitica
in the samples at that moment. It is important to point out
that control samples at day 0 showed different counts (Table
1), although the initial inocula used during cheese manu-
facture were similar in all samples (approximately 5 log
CFU/ml). The only treatment that allowed the detection of
differences (P , 0.05) between strains was at 300 MPa,
where serotype O:3 appeared to be more baroresistant than
O:1 and O:8.

Behavior of Y. enterocolitica after HHP treatment.
Any of the Y. enterocolitica strains inoculated in samples
treated at 400 and 500 MPa showed repair ability after 15

J. Food Prot., Vol. 68, No. 3 YERSINIA IN MODEL CHEESE TREATED WITH HIGH HYDROSTATIC PRESSURE 529

ferred to 10 ml of brain heart infusion broth containing 0.6% yeast
extract and incubated for an additional 18 h at the same temper-
atures to allow the culture to reach the stationary phase. Cells
were centrifuged at 1,250 3 g for 15 min at room temperature
and washed once in 10 mM phosphate-buffered saline (Oxoid),
and the pellets were resuspended in phosphate-buffered saline to
a final concentration of about 108 to 109 CFU/ml.

Starter preparation. A mixture of commercial liofilized
strains of Lactococcus lactis subsp. lactis and Lactococcus lactis
subsp. cremoris (Ezal MAO 11, Rhodia Iberia S.A., Madrid,
Spain) was used as a starter culture for the model cheese manu-
facture. The culture was revived inoculating 0.015 g of starter in
1,000 ml of commercial sterilized skimmed milk and incubated
at 308C for 24 h. A volume of 50 ml was used to prepare a
subculture in 200 ml of sterilized skimmed milk, which was in-
cubated under the same temperature and time conditions.

Model cheese manufacture. The protocol for model cheese
production was developed by López-Pedemonte et al. (13). Raw
cow’s milk obtained from a local farm was transported and stored
at 48C. Before inoculation, milk was pasteurized at 658C for 30
min and cooled to 328C in an ice and water bath. We added 2%
(vol/vol) of starter culture and 0.01% (vol/vol) of a 35% CaCl2
dilution (Arroyo, Santander, Spain). Milk was kept in a water bath
at 328C for 20 min and then inoculated with 1% (vol/vol) of Y.
enterocolitica inoculum (except blanks). We added 0.02% (vol/
vol) of liquid rennet extract of bovine origin (520 mg/liter of
active chymosin, Arroyo) as a coagulating agent. Centrifugation
bottles (Nalge Nunc International, Rochester, N.Y.) were filled
with 225 ml of inoculated milk and placed in a bath at 328C for
40 min until curd was formed. Curd was cut into small pieces and
kept in the water bath, and the temperature was increased to 378C
over 5 min. The bottles were kept in the bath at 378C for 15 min
more. Curds were washed to avoid excessive acidification, sub-
stituting 40% (vol/vol) of whey with sterile water. Bottles were
then centrifuged at 7,000 3 g for 40 min at 208C and kept in
their containers in a water bath at 378C until pH 5.5 was reached.
When the pH of the resulting cheeses dropped to 5.5, whey was
completely removed from the bottles by decantation and cheeses
were salted by adding, in each bottle, 100 ml of 20% (wt/vol)
NaCl sterile brine for 15 min. After this, cheeses were removed
from the centrifugation bottles using sterile pincers and dried on
sterile paper. They had a final weight of approximately 23 g with
55% of dry matter and 1.5% of salt in moisture content. Cheeses
were twice vacuum packed in plastic bags (Cryovac Packaging,
Sant Boi de Llobregat, Spain) and stored at 88C for 15 to 18 h
before high pressure treatment.

High pressure treatment. Cheese samples were pressurized
in a discontinuous isostatic press (Stansted Fluid Power Ltd.,
Stansted, UK) with a pressure chamber measuring 3.65 cm in
diameter and 24 cm in length. The pressure chamber and the pres-
surization medium inside were adjusted to 208C with a constant
flow of water. Samples were placed in a water bath at 208C for
10 min to reach the treatment temperature. Cheese samples were
pressurized at 300, 400, and 500 MPa for 10 min at 208C, and
samples for long-term analysis were treated at 300 and 400 MPa
for 10 min at 208C.

Sampling protocol. Three groups of cheese samples were
analyzed: noninoculated (blank samples), inoculated with Y. en-
terocolitica but not treated by HHP (control samples), and inoc-
ulated and treated (pressurized samples). All samples (treated and
untreated) were stored at 88C. Microbiological analyses were per-
formed at 0 (immediately after HHP treatment), 1, 7, and 15 days

after treatment. Long-term samples were analyzed at day 0 (im-
mediately after HHP treatment), 15, 30, 45, and 60 days. Exper-
iments were run three times with duplicate analysis each time.

Microbiological analyses. Ten grams of each sample was
homogenized in 90 ml of maximum recovery diluent (Oxoid) for
1 min using an electromechanical blender (BagMixer, Intersci-
ence, France) at room temperature. Tenfold serial dilutions were
prepared in maximum recovery diluent (Oxoid), and 1 ml of ap-
propriate dilution was plated into Yersinia cefsulodin-irgasan-no-
vobiocin agar (CIN, Oxoid) to count noninjured cells. A modifi-
cation of the thin agar layer method (TAL) (9) was used to count
both injured and noninjured Y. enterocolitica cells to a detection
limit of 10 CFU/g. After a selective medium (CIN) layer, the first
layer of nutritive medium (brain heart infusion broth containing
0.6% yeast extract) was added. Then, 1 ml of appropriate dilution
of cheese sample and a second layer of nutritive medium was
added. All plates were incubated at 328C for 48 h. Representative
colonies of Y. enterocolitica (two from each plate) were picked
and inoculated onto brain heart infusion broth containing 0.6%
yeast extract plates and incubated at 328C for 24 h before iden-
tification using a biochemical test (API 20E, Bio-Mérieux, Marcy-
L’Etoile, France).

Results are expressed as log CFU per gram. Lethality was
calculated as the difference between the logarithms of colony
counts of the untreated and treated samples (log N0 2 log N).

An enrichment procedure was used to check the presence of
injured Y. enterocolitica cells in cheese samples for long-term
analyses. First dilution of cheese was stored at 308C for 24 h. A
loopful of this culture was streaked onto a plate of CIN and in-
cubated at 328C for 24 h. Growing colonies were identified using
biochemical tests (API 20E).

pH measurement. Model cheese pH was determined using
a penetration electrode (Crison, Crison Instruments S.A., Alella,
Spain). pH values were based on the mean of nine measurements.

Statistical analyses. Analysis of variance was performed us-
ing the general linear models procedure of SAS software (SAS
System for Windows, 8.02, 1999, SAS Institute, Inc., Cary, N.C.).
Tukey and Student-Newman-Keuls tests were used to obtain
paired comparisons among sample means. Level of significance
was set at P , 0.05.

RESULTS

High pressure effect at day 0. Lethality results ob-
tained immediately after HHP treatments in model cheeses
with Y. enterocolitica serotypes O:1, O:3, and O:8 are
shown in Table 1. Treatments of 400 and 500 MPa caused
the highest lethality, reaching counts below the detection
level (10 CFU/g) in all serotypes. Thus, lethality values of
both treatments depended on the level of Y. enterocolitica
in the samples at that moment. It is important to point out
that control samples at day 0 showed different counts (Table
1), although the initial inocula used during cheese manu-
facture were similar in all samples (approximately 5 log
CFU/ml). The only treatment that allowed the detection of
differences (P , 0.05) between strains was at 300 MPa,
where serotype O:3 appeared to be more baroresistant than
O:1 and O:8.

Behavior of Y. enterocolitica after HHP treatment.
Any of the Y. enterocolitica strains inoculated in samples
treated at 400 and 500 MPa showed repair ability after 15



J. Food Prot., Vol. 68, No. 3530 DE LAMO-CASTELLVÍ ET AL.

TABLE 1. Counts in CIN and lethality values of three strains of Yersinia enterocolitica inoculated in model cheese and pressurized at
300, 400, and 500 MPa at 208C for 10 min at day 0

Serotype
Treatment

(MPa)

Counts (log CFU/g)a

Mean CI

Lethality (log N0 2 log N)

Meanb CI

O:1 0
300
400
500

4.36
ND
ND
ND

60.41
—
—
—

—
$3.36 B

$3.36 B

$3.36 B

—
60.41
60.41
60.41

O:3 0
300
400
500

6.03
4.09
ND
ND

60.10
60.50

—
—

—
1.95 C

$5.03 A

$5.03 A

—
60.45
60.17
60.17

O:8 0
300
400
500

5.28
1.80
ND
ND

60.40
60.51

—
—

—
3.48 B

$4.28 A

$4.28 A

—
60.17
60.40
60.40

a CI, confidence interval; ND, not detected. Level of detection: 1 log CFU/g.
b Means (n 5 6) with different letters are significantly different (P , 0.05).

days of storage at 88C, their counts remaining below the
detection level in both culture media (CIN and TAL). Se-
rotype O:1 treated at 300 MPa (Fig. 1a) was not able to
repair, and serotypes O:3 and O:8 treated at 300 MPa (Fig.
1b and 1c) showed a decrease in their cell counts after day
0 in both cases. None of the controls had the ability to grow
after 15 days of ripening at 88C (Fig. 1a, 1b, and 1c).

The comparison of the behavior of control counts in
the two culture media used to evaluate injured and nonin-
jured Y. enterocolitica cells (Fig. 1a, 1b, and 1c) showed
different sensitivity at low pH between serotypes (Table 2).
In serotypes O:1 and O:3, cell counts of control samples in
TAL were significantly (P , 0.05) higher than in CIN.
Moreover, serotype O:8 seemed to be more resistant to acid
conditions because there were not differences between CIN
and TAL cell counts and control counts remained stable
during the 15 days of storage at 88C (Fig. 1c), while se-
rotypes O:3 and especially O:1 were sensitive to acid con-
ditions and control counts decreased over time (Fig. 1a and
1b).

To confirm this decreasing trend, a long-term study was
conducted (60 days). The most baroresistant serotype in
cheese at day 0 (O:3) was selected for this purpose (Fig.
2). Samples treated at 300 and 400 MPa did not show repair
ability during the 60 days of ripening at 88C. Y. enterocol-
itica counts decreased below the detection level after 15
and 30 days in CIN and TAL culture media, respectively,
in cheeses treated at 300 MPa. However, one of three rep-
licates showed growth (after the enrichment treatment) at
day 45. Control samples did not show ability to grow, and
their cell counts progressively decreased, reaching the de-
tection level after 45 and 60 days in CIN and TAL, re-
spectively.

DISCUSSION

It is clear from the lethality values obtained that 400
and 500 MPa were effective treatments to reduce the initial
population of Y. enterocolitica in all serotypes. Other stud-
ies have evaluated the effect of HHP on inoculated micro-

organisms in cheese. Capellas et al. (3) elaborated fresh
cheese inoculated with Escherichia coli CECT 405. Sam-
ples were treated using combinations of pressure (400 to
500 MPa), temperature (2, 10, or 258C), and time (5, 10,
or 15 min) and subsequently stored at 2 to 48C. No survival
of E. coli was detected 1 day after pressurization, except in
samples treated for 5 min at 258C at pressures of 400 to
450 MPa.

The differences detected in pressure resistance values
between serotypes had already been reported in other gram-
negative bacteria (21), but it is important to point out that,
in our experiment, these differences would be due mainly
to one factor: the low pH of cheese. The matrix was con-
tinuously in evolution due to the conversion of lactose in
lactic acid by lactic acid bacteria. The three serotypes used
in this experiment showed different sensitivity to low pH,
and these differences were detected through the variations
in control sample cell counts in the two culture media (TAL
method and CIN) used in the experiment to evaluate the
presence of injured and noninjured cells. Wu et al. (29)
found that TAL was an adequate method to enumerate acid
injured Y. enterocolitica.

In a previous survey (4), we examined extensively the
effect of HHP treatment on the same serotypes of Y. enter-
ocolitica used in this study and also the effect together with
serotype O:9 inoculated in skimmed milk. Comparing le-
thality values of each serotype at day 0 in milk and cheese
we only found differences among matrices in serotype O:
3, which was more baroresistant in cheese than in milk.
Several authors have reported that certain foods could pro-
tect microorganisms from pressure inactivation with factors
such as a more favorable osmotic pressure and readily
available supply of nutrients: Salmonella spp. were more
sensitive to pressure treatment in phosphate buffer than in
richer media such as chicken baby food (15). Ultrahigh-
temperature milk and raw milk provide a protective effect
and lessen cell death to Listeria monocytogenes when com-
pared with phosphate-buffered saline after HHP treatments
(25). Patterson et al. (21) found as well that L. monocyto-
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TABLE 1. Counts in CIN and lethality values of three strains of Yersinia enterocolitica inoculated in model cheese and pressurized at
300, 400, and 500 MPa at 208C for 10 min at day 0

Serotype
Treatment

(MPa)

Counts (log CFU/g)a

Mean CI

Lethality (log N0 2 log N)

Meanb CI

O:1 0
300
400
500

4.36
ND
ND
ND

60.41
—
—
—

—
$3.36 B

$3.36 B

$3.36 B

—
60.41
60.41
60.41

O:3 0
300
400
500

6.03
4.09
ND
ND

60.10
60.50

—
—

—
1.95 C

$5.03 A

$5.03 A

—
60.45
60.17
60.17

O:8 0
300
400
500

5.28
1.80
ND
ND

60.40
60.51

—
—

—
3.48 B

$4.28 A

$4.28 A

—
60.17
60.40
60.40

a CI, confidence interval; ND, not detected. Level of detection: 1 log CFU/g.
b Means (n 5 6) with different letters are significantly different (P , 0.05).

days of storage at 88C, their counts remaining below the
detection level in both culture media (CIN and TAL). Se-
rotype O:1 treated at 300 MPa (Fig. 1a) was not able to
repair, and serotypes O:3 and O:8 treated at 300 MPa (Fig.
1b and 1c) showed a decrease in their cell counts after day
0 in both cases. None of the controls had the ability to grow
after 15 days of ripening at 88C (Fig. 1a, 1b, and 1c).

The comparison of the behavior of control counts in
the two culture media used to evaluate injured and nonin-
jured Y. enterocolitica cells (Fig. 1a, 1b, and 1c) showed
different sensitivity at low pH between serotypes (Table 2).
In serotypes O:1 and O:3, cell counts of control samples in
TAL were significantly (P , 0.05) higher than in CIN.
Moreover, serotype O:8 seemed to be more resistant to acid
conditions because there were not differences between CIN
and TAL cell counts and control counts remained stable
during the 15 days of storage at 88C (Fig. 1c), while se-
rotypes O:3 and especially O:1 were sensitive to acid con-
ditions and control counts decreased over time (Fig. 1a and
1b).

To confirm this decreasing trend, a long-term study was
conducted (60 days). The most baroresistant serotype in
cheese at day 0 (O:3) was selected for this purpose (Fig.
2). Samples treated at 300 and 400 MPa did not show repair
ability during the 60 days of ripening at 88C. Y. enterocol-
itica counts decreased below the detection level after 15
and 30 days in CIN and TAL culture media, respectively,
in cheeses treated at 300 MPa. However, one of three rep-
licates showed growth (after the enrichment treatment) at
day 45. Control samples did not show ability to grow, and
their cell counts progressively decreased, reaching the de-
tection level after 45 and 60 days in CIN and TAL, re-
spectively.

DISCUSSION

It is clear from the lethality values obtained that 400
and 500 MPa were effective treatments to reduce the initial
population of Y. enterocolitica in all serotypes. Other stud-
ies have evaluated the effect of HHP on inoculated micro-

organisms in cheese. Capellas et al. (3) elaborated fresh
cheese inoculated with Escherichia coli CECT 405. Sam-
ples were treated using combinations of pressure (400 to
500 MPa), temperature (2, 10, or 258C), and time (5, 10,
or 15 min) and subsequently stored at 2 to 48C. No survival
of E. coli was detected 1 day after pressurization, except in
samples treated for 5 min at 258C at pressures of 400 to
450 MPa.

The differences detected in pressure resistance values
between serotypes had already been reported in other gram-
negative bacteria (21), but it is important to point out that,
in our experiment, these differences would be due mainly
to one factor: the low pH of cheese. The matrix was con-
tinuously in evolution due to the conversion of lactose in
lactic acid by lactic acid bacteria. The three serotypes used
in this experiment showed different sensitivity to low pH,
and these differences were detected through the variations
in control sample cell counts in the two culture media (TAL
method and CIN) used in the experiment to evaluate the
presence of injured and noninjured cells. Wu et al. (29)
found that TAL was an adequate method to enumerate acid
injured Y. enterocolitica.

In a previous survey (4), we examined extensively the
effect of HHP treatment on the same serotypes of Y. enter-
ocolitica used in this study and also the effect together with
serotype O:9 inoculated in skimmed milk. Comparing le-
thality values of each serotype at day 0 in milk and cheese
we only found differences among matrices in serotype O:
3, which was more baroresistant in cheese than in milk.
Several authors have reported that certain foods could pro-
tect microorganisms from pressure inactivation with factors
such as a more favorable osmotic pressure and readily
available supply of nutrients: Salmonella spp. were more
sensitive to pressure treatment in phosphate buffer than in
richer media such as chicken baby food (15). Ultrahigh-
temperature milk and raw milk provide a protective effect
and lessen cell death to Listeria monocytogenes when com-
pared with phosphate-buffered saline after HHP treatments
(25). Patterson et al. (21) found as well that L. monocyto-



J. Food Prot., Vol. 68, No. 3 YERSINIA IN MODEL CHEESE TREATED WITH HIGH HYDROSTATIC PRESSURE 531

FIGURE 1. Behavior of Y. enterocolitica inoculated in model
cheese after HHP treatments at 300 MPa for 10 min at 208C: (a)
serotype O:1, (b) serotype O:3, and (c) serotype O:8.

TABLE 2. Evolution of pH in model cheese ripened for 60 days
at 88C

Day

pH

Blank

Meana CIb

Control

Mean CI

300 MPa

Mean CI

0
30
45
60

5.40 A

4.79 D

4.68 E

4.65 E

0.01
0.01
0.02
0.02

—
4.77 D

4.66 E

4.68 E

—
0.03
0.01
0.02

—
5.13 B

4.96 C

4.97 C

—
0.03
0.01
0.01

a Means (n 5 6) with different letters are significantly different
(P , 0.05).

b CI, confidence interval.

genes and E. coli were more resistant to pressure treatment
in ultrahigh-temperature milk than in poultry meat or phos-
phate-buffered saline, and E. coli O157:H7 inactivation was
significantly greater in poultry meat than in milk. In con-
trast, Staphylococcus aureus was more resistant in milk
than in poultry meat (12). However, Ellenberg and Hoover
(5) reported no notable protective effect when Aeromonas
hydrophila and Y. enterocolitica were pressurized in pork

compared with buffer or tryptic soy broth (TSB) or when
they were pressurized in TSB compared with buffer.

Some studies have demonstrated the ability of different
species of pathogenic microorganisms to grow during the
cheese-making process when they have been added to pas-
teurized milk after being grown in favorable conditions (8).
In our experiment, cells were inoculated in stationary phase
and could have started to grow during the first stages of
cheese manufacture. When pH decreased, growth would
have stopped due to the acid condition and, therefore, a
stationary phase would have been reached again. This sug-
gests that serotype O:3 cells were in stationary phase when
the HHP treatment was applied, and this could explain their
greater baroresistance, since bacterial cells in exponential
phase are less pressure resistant than those in stationary
phase (14, 24). When serotype O:1 was pressurized, death
phase could have been already present due to its high sen-
sitivity to low pH, and the lethality observed could be a
combined result of pH and HHP treatment. On the other
hand, when Y. enterocolitica serotype O:8 was pressurized,
exponential phase could have been present in the samples
due to its greater resistance to acid conditions. This could
explain the higher sensitivity to HHP of serotype O:8. This
would be in accordance with the observations of O’Reilly
et al. (18), who studied the effect of high pressure on the
inactivation of microbial contaminants in Cheddar cheese
and slurries (E. coli, S. aureus, and Penicillium roqueforti).
These authors found greater HHP sensitivity of microor-
ganisms in Cheddar cheese than in the cheese slurry sys-
tem. They suggested that this result may be explained by
two factors: acid injury to the bacteria during fermentation
and log phase of growth. Thus, the matrix effect could be
understood as an indirect protective effect because it could
generate a phase change that would be directly responsible
for the greater baroresistance of serotype O:3.

The analysis of the evolution of cell counts after the
treatment suggests that the cheese matrix did not allow re-
covery of injured cells or growth. The main contributing
factor to this effect seems to be low pH. Pressure sensiti-
zation may involve loss of cell protective or repair func-
tions (19). These authors observed that pressure-damaged
E. coli O157 cells were more acid sensitive than native
cells. Karaioannoglou et al. (11) found that when the pH
of Feta cheese dropped to 4.6 or lower within 48 h after
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genes and E. coli were more resistant to pressure treatment
in ultrahigh-temperature milk than in poultry meat or phos-
phate-buffered saline, and E. coli O157:H7 inactivation was
significantly greater in poultry meat than in milk. In con-
trast, Staphylococcus aureus was more resistant in milk
than in poultry meat (12). However, Ellenberg and Hoover
(5) reported no notable protective effect when Aeromonas
hydrophila and Y. enterocolitica were pressurized in pork

compared with buffer or tryptic soy broth (TSB) or when
they were pressurized in TSB compared with buffer.

Some studies have demonstrated the ability of different
species of pathogenic microorganisms to grow during the
cheese-making process when they have been added to pas-
teurized milk after being grown in favorable conditions (8).
In our experiment, cells were inoculated in stationary phase
and could have started to grow during the first stages of
cheese manufacture. When pH decreased, growth would
have stopped due to the acid condition and, therefore, a
stationary phase would have been reached again. This sug-
gests that serotype O:3 cells were in stationary phase when
the HHP treatment was applied, and this could explain their
greater baroresistance, since bacterial cells in exponential
phase are less pressure resistant than those in stationary
phase (14, 24). When serotype O:1 was pressurized, death
phase could have been already present due to its high sen-
sitivity to low pH, and the lethality observed could be a
combined result of pH and HHP treatment. On the other
hand, when Y. enterocolitica serotype O:8 was pressurized,
exponential phase could have been present in the samples
due to its greater resistance to acid conditions. This could
explain the higher sensitivity to HHP of serotype O:8. This
would be in accordance with the observations of O’Reilly
et al. (18), who studied the effect of high pressure on the
inactivation of microbial contaminants in Cheddar cheese
and slurries (E. coli, S. aureus, and Penicillium roqueforti).
These authors found greater HHP sensitivity of microor-
ganisms in Cheddar cheese than in the cheese slurry sys-
tem. They suggested that this result may be explained by
two factors: acid injury to the bacteria during fermentation
and log phase of growth. Thus, the matrix effect could be
understood as an indirect protective effect because it could
generate a phase change that would be directly responsible
for the greater baroresistance of serotype O:3.

The analysis of the evolution of cell counts after the
treatment suggests that the cheese matrix did not allow re-
covery of injured cells or growth. The main contributing
factor to this effect seems to be low pH. Pressure sensiti-
zation may involve loss of cell protective or repair func-
tions (19). These authors observed that pressure-damaged
E. coli O157 cells were more acid sensitive than native
cells. Karaioannoglou et al. (11) found that when the pH
of Feta cheese dropped to 4.6 or lower within 48 h after
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FIGURE 2. Behavior of Y. enterocolitica
serotype O:3 inoculated in model cheese
treated at 300 and 400 MPa for 10 min at
208C and ripened for 60 days at 88C.

curdling, the numbers of Y. enterocolitica (serotype O:9)
decreased between 1 and 6 log (CFU/g) within 48 to 96 h
and were not detectable within 72 to 120 h. Erkmen (6)
reported that Y. enterocolitica counts in Turkish Feta cheese
declined 5.60 log (CFU/g) after salting to day 75. Salt con-
centration (5.83 to 7.28% from 22 h to 75 days) and pH
(4.7 to 6.2 from 7 h to 75 days) seemed to be the major
factors responsible for the reduction in the viable number
of cells. Nevertheless, Y. enterocolitica has been reported
to grow in cheese, for instance, in Brie cheese at 4 and 88C
for up to 35 days (12). Moreover, in previous experiments
(4), we found that the same serotypes of Y. enterocolitica
used in this research, inoculated in milk and treated at 400
and 500 MPa, were able to grow in 1 to 4 days and in 1
to 10 days, respectively, after not having found cell counts
in the same day of the treatment. In this case, the consid-
erably high repair and growth abilities of Y. enterocolitica
in milk may be due to the nutritive nature of the medium
and its liquid nature, combined with the psychrotrophic be-
havior of the pathogen.

We could conclude that HHP treatments are useful to
accelerate the reduction of initial levels of Y. enterocolitica
in complex food, model cheese. Furthermore, this study re-
affirms the importance of applying HHP treatments on food
because the baroresistance of Y. enterocolitica strains and
the recovery ability of damaged cells after the treatment
may depend, among other factors, on the nature of the food.
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Abstract 

 

The aim of this research was to study high hydrostatic pressure (HHP) inactivation of 

two strains of Escherichia coli (E. coli O59:H21 CECT 405 and E. coli O157:H7 CECT 

5947) inoculated in washed-curd model cheese produced with and without starter 

culture, and the ability of these strains for survival, recovery and growth. Samples were 

treated at 300, 400 and 500 MPa for 10 min at 20ºC and analysed after the treatment and 

after 1, 7 and 15 days of storage at 8ºC to study the behaviour of Escherichia 

population. Cheese samples produced with starter culture showed the maximum 

lethality at 400 and 500 MPa and no significant differences in the baroresistant 

behaviour of both strains were detected, except in the case of E. coli O157:H7 at 400 

MPa in TALm medium, where decrease value was significantly lower. In cheese 

produced without starter culture the highest decrease value was observed at 500 MPa, 

except for E. coli O59:H21 in selective culture medium, where it was also found at 400 

MPa. Ability to repair and grow was not observed in model cheese made with starter 

culture as cell counts of treated samples decreased after 15 days of storage at 8ºC. 

Whereas, in cheese produced without starter culture, all pressurized samples showed the 

trend to repair and grow during the storage period in both strains. These results suggest, 

that the presence of starter culture and low pH are the main factors to control the ability 

to recover and grow of Escherichia strains inoculated in this type of cheese and treated 

by HHP. 
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 Escherichia coli O157:H7 has emerged as a foodborne pathogen of major concern for 

the food industry due to its ability to cause severe illness, in particular haemorrhagic 

colitis, haemolytic uraemic syndrome and thrombotic thrombocytopenic purpura. Dairy 

cattle is considered a main reservoir of E. coli O157:H7 for human infection (14), being 

fecal contamination of milk an important vehicle for its transmission (6, 17). The 

pathogen has been isolated from raw milk (35), and multiple outbreaks of E. coli 

O157:H7 linked to ingestion of raw milk and dairy products have been reported (2, 19). 

In many countries, the fact that raw milk is used for cheese manufacture increases the 

risk that pathogenic bacteria would contaminate the product (11). Several authors have 

studied the ability of E. coli O157:H7 to grow and survive in different types of cheese. 

In fresh cheese, E. coli O157:H7 increased 2 log (CFU/g) during cheese manufacture 

(3) but total inactivation was obtained during the heat treatment. Reitsma and Henning 

(35) found that this microorganism was able to grow during Cheddar cheese 

manufacture even with an initial inoculum in milk of 1 CFU/ml. E. coli O157:H7 also 

survived the manufacture of Camembert and Feta cheeses (34) and reached counts 

higher than those present in milk after 75 and 65 days of storage, respectively. 

Moreover, Maher et al. (26) found that this pathogen was able to survive all stages of  

smear-ripened cheese production up to 70 days post-manufacture. 

 

High hydrostatic pressure (HHP) is being investigated as a non-thermal processing 

technique to destroy foodborne pathogens in order to enhance safety and shelf life of 

perishable food (20, 24). HHP treatments allow the destruction of most vegetative cells 

and –at high levels and multiple pressure cycles– the destruction of most bacterial 

spores without decreasing the nutritional value nor changing the sensory characteristics 

of the products (38). HHP is know to cause morphological, biochemical and genetic 

alterations in microorganisms (10) being the membrane damage the main cause of cell 

inactivation. Pressure sensitivity of microorganisms is highly dependent on the food 

matrix (33). Bacteria that have been considered as pressure-sensitive based on studies in 

buffers can become highly pressure resistant in complex matrices such as milk or cheese 

(32, 17, 30). Moreover, it is well established that HHP treatments produce sublethally 

injured cells (18, 7), which in favourable conditions, are able to recover (9, 13). Several 

authors have studied the effect of high hydrostatic pressure, alone or combined with 

bacteriocin, on microorganisms and spores in different types of cheese (31, 25, 12, 36) 

but it is necessary to obtain further data about E. coli O157:H7.  
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The objectives of the current work were to determine the effect of HHP treatments on 

two strains of Escherichia coli inoculated in washed-curd model cheese made with or 

without starter culture and to provide information about the behaviour of both strains in 

the two types of cheese during a storage period of 15 days at 8ºC. 

 

 

Materials and Methods  

 

Bacterial strains. E. coli O59:H21 (CECT 405) and E. coli O157:H7 (CECT 

5947, which virulence factor had been deleted), were obtained from Spanish Type 

Culture Collection (CECT, Universidad de Valencia, Valencia, Spain) and were kept in 

cryobeads (Nalgene® System 100TM, Microkit Iberica S.L., Madrid, Spain) at -20ºC.  

 

Inocula preparation. Strains were revived by placing one cryobead in 10 ml 

brain heart infusion broth (BHI, Oxoid, Basingtoke, UK) containing 0.6% yeast extract 

(BHIYE, Oxoid) and incubated at 37ºC for 24 h. 1 ml of the first culture was transferred 

to 10 ml of BHIYE and incubated for an additional 18 h at the same temperature, to 

allow the culture to reach the stationary phase. Then, cells were centrifuged at 1,250 X 
g for 15 min at room temperature, washed once in 10 mM phosphate-buffered saline  

(PBS, Oxoid) and the pellets were resuspended in PBS to a final concentration of about 

108-109 CFU/ml. 

 

  Starter culture preparation. A mixture of commercial lyophilized strains of 

Lactococcus lactis subsp. lactis and Lactococcus lactis subsp. cremoris (Ezal MAO 11, 

Rhodia Iberia S.A., Madrid, Spain) that is known as a non-bacteriocin productor, was 

used as a starter culture for the washed-curd model cheese manufacture. The culture was 

revived inoculating 0.015 g of mixture in 1,000 ml of commercial sterilized skimmed 

milk and incubated at 30ºC for 24 h. A volume of 50 ml was used to prepare a 

subculture in 200 ml of sterilized skimmed milk, which was incubated under the same 

temperature and time conditions.  

 

Model cheese manufacture. Raw cow’s milk obtained from a local farm was 

transported and stored at 4ºC. Before inoculation, milk was pasteurized at 65ºC for 30 

min and cooled to 32ºC in an ice and water bath. Two per cent (vol/vol) of starter 
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culture and  0.01% (vol/vol) of a 35% CaCl2 dilution (Arroyo, Santander, Spain) were 

added. Milk was kept in a water bath at 32ºC for 20 min and then inoculated with 1% 

(vol/vol) of E. coli O59:H21 or E. coli O157:H7 inoculum (except blanks). 0.02% 

(vol/vol) of liquid rennet extract of bovine origin (520 mg/l of active chymosin, Arroyo, 

Santander, Spain) was added as coagulating agent. Centrifugation bottles (Nalgene®, 

Nalge Nunc International, Rochester, USA) were filled with 225 ml of inoculated milk 

and placed in a bath at 32ºC for 40 min until curd was formed. Curd was cut into small 

pieces and kept in the water bath and the temperature was increased to 37ºC over 5 min. 

The bottles were kept in the bath at 37ºC for further 15 min. Curds were washed to 

avoid excessive acidification, substituting 40% (vol/vol) of whey with sterile water. 

Bottles were then centrifuged at 7,000 X g for 40 min at 20ºC and kept in their 

containers in a water bath at 37ºC until pH 5.5 was reached. When the pH of the 

resulting cheeses dropped to 5.5 (only in the case of cheese made with starter), whey 

was completely removed from the bottles by decantation and cheeses were salted by 

adding, in each bottle, 100 ml of 20% (wt/vol) NaCl sterile brine for 15 min. After this, 

cheeses were removed from the centrifugation bottles using sterile pincers and dried on 

sterile paper. They had a final weight of approximately 23 g with 55% of dry matter and 

1.5% of salt in moisture content. Cheeses were twice vacuum packed in plastic bags 

(Cryovac Packaging, Sant Boi de Llobregat, Spain) and stored overnight at 8ºC before 

high pressure treatment.  

In the case of model cheeses produced without starter culture, the same protocol without 

adding starter culture was followed. 

 

High pressure treatment. Cheese samples were pressurized in a discontinuous 

isostatic press (ACB, Nantes, France) with a pressure chamber of 10 cm diameter and 

23 cm length. The time needed to achieve the treatment pressure was between 1.45 and 

2.55 min, depending on the pressure applied and the decompression time was around 18 

s (Fig. 1 and Fig. 2). The pressure chamber and the pressurization medium inside were 

adjusted to 20ºC with a constant flow of water. The temperature of the pressurization 

fluid was measured by a thermocouple. Cheese samples were pressurized at 300, 400 

and 500 MPa for 10 min at 20ºC. 

 

Sampling protocol. Milk samples inoculated with E. coli O59:H21 or E. coli 

O157:H7 were analysed  to count  the number of these microorganisms prior to the 
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cheese making process. Three groups of cheese samples were analysed: Non-inoculated 

(blank cheese samples), inoculated with E. coli O59:H21 or E. coli O157:H7  but not 

treated by HHP (control cheese samples), and inoculated, and treated (pressurized 

cheese samples). All samples were stored at 8ºC. At the end of the cheese production, 

control samples were analysed to assess the population of E. coli O59:H21 or E. coli 

O157:H7. Microbiological analyses were performed at 0 day (immediately after HHP 

treatment) and at 1, 7 and 15 days after treatment for all samples. Experiments were run 

three times with duplicate analyses each time. 

 

Microbiological analyses. Ten grams of each sample were homogenized in 90 

ml of maximum recovery diluent  (MRD, Oxoid) for 1 min using an electromechanical 

blender (BagMixer®, Interscience, St Nom, France) at room temperature. Ten-fold serial 

dilutions were produced in maximum recovery diluent (MRD, Oxoid) and 1 ml of 

appropriate dilution was plated into Sorbitol McConkey agar (SMC, Oxoid) containing 

selective cefixime tellurite supplement (Oxoid) to count non-injured cells of E. coli 

O59:H21 and E. coli O157:H7. A modification of the thin agar layer method (TALm) 

(23) was used to count both injured and non-injured cells to a detection level (10 

CFU/g). After a selective medium (SMC) layer, the first layer of nutritive medium 

(BHIAYE) was added. Then, 1 ml of appropriate dilution of cheese sample and a 

second layer of nutritive medium was added. All plates were incubated at 37ºC for 24 h.  

Results are expressed as the logarithm of colony-forming units (CFU) per g. Increase 

value was calculated as the difference between the logarithms of colony counts of 

control cheese samples and milk samples analysed at the end of cheese production (log 

Nc- log Nm). Decrease value was calculated as the difference between the logarithms of 

colony counts of the untreated and treated samples (log No- log N). 

At 0, 1, 7 and 15 days, an enrichment procedure was used to check the presence of 

injured cells in cheese samples that did not show colonies growing in both culture 

media. The first dilution of each sample (10 g of cheese diluted in 90 ml of MRD) was 

stored at 37ºC for 24 h. A loopful of this culture was streaked onto a plate of SMC and 

incubated at 37ºC for 24 h.  

Growing colonies of E. coli O59:H21 were identified using a biochemical test (API 

20E, Bio-Mérieux, Marcy l’Etoile, France) and colonies of E. coli O157:H7 were 

confirmed using a latex agglutination kit (LA, Oxoid) which is based on the detection of 

antigens specific to this microorganism. 
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pH measurement. Model cheese pH was determined using a penetration 

electrode (Crison, Crison Instruments S.A., Alella, Spain). pH values were based on the 

mean of nine measurements 

 

Statistical analyses. Analysis of variance was performed using the General 

Linear Models Procedure of SAS® software (SAS® System for WindowsTM, 8.02, 1999, 

Sas Institute, Inc., Cary, North Carolina, USA). Student-Newman-Keuls test was used 

to obtain paired comparisons among sample means. Level of significance was set at P < 

0.05. 

 

 

Results and Discussion 

 

Behaviour of initial inocula during model cheese production. Microbial 

counts of inoculated milk and control cheese made from inoculated milk and produced 

with and without starter culture and their increase values during cheese production are 

shown in Table 1. Both  strains of E. coli increased their counts during the production 

process of cheese produced with and without starter culture. Several studies have 

reported this behaviour  with E. coli in hard and fresh cheese (39, 8) and some authors 

suggest that it could be produced by a combination of a physical entrapment in the curd 

and growth of the initial population during cheese manufacture (26). Moreover, it is 

important to remark that no significant differences were detected in the increase values 

of different strains and in the cell counts obtained in both culture media (Table 1).  

 

High Pressure effect at day 0. Decrease values obtained after HHP treatments 

in washed-curd model cheese inoculated with and without starter culture and with E. 

coli O59:H21 or E. coli O157:H7 are shown in Table 2. In cheese samples produced 

with starter culture, the most effective treatments to reduce the initial population of 

Escherichia were 400 and 500 MPa. Whereas, in cheese samples produced without 

starter culture, the most effective treatment was 500 MPa, except for E. coli O59:H21 in 

selective culture medium, where it was also 400 MPa. Nevertheless, it is worth to 

mention that in the cases where cell counts obtained after treatment were below the 

detection level, decrease values depended on the initial concentration of these 
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microorganisms in cheese prior to the treatment so they could have been higher. It is 

clear from the reported results that in cheese produced without starter culture it was 

necessary to apply more pressure to obtain the same reduction than in cheese produced 

with starter culture. Differences in pH between the two types of cheese (Table 3) and 

the presence of starter culture could be the reason for this behaviour. In fact, several 

studies have demonstrated that bacteria could become much more pressure-sensitive at 

low pH and an efficient inactivation of even the most pressure-resistant vegetative 

bacteria could be produced at relatively mild pressure in acidic foods (15, 1, 21). In a 

preliminary research (data not shown), we analysed the effect of HHP on the starter 

population in model cheese inoculated with S. enteritidis or S. typhimurium and treated 

at 300 and 400 MPa. We found that the effect of HHP treatment at 300 MPa was 

minimum, with a reduction of 0.23-0.26 log (CFU/g), and close to 3 log (CFU/g) at 400 

MPa. Molina-Höppner (29) reported that during the treatment at 300 MPa, Lactococcus 

lactis spp. cremoris retained about 25% of metabolic activity, even after 3 log (CFU/ml) 

reduction in cell counts. 

No significant differences between decrease values obtained from both strains and from 

both culture media were found, except in the case of E. coli O157:H7 in cheese made 

with starter culture at 400 MPa in TALm, where decrease value was significantly lower. 

Thus, we could not detect differences in pressure resistance behaviour between strains 

in both types of cheese. Nevertheless, in cheese and other food matrices, some authors 

have reported different pressure resistance behaviour between strains of the same 

microorganism (32, 5, 12). 

 

Behaviour of E. coli O59:H21 and E. coli O157:H7 after HHP treatments in 

model cheese produced with starter culture. None of the E. coli O59:H21 or E. coli 

O157:H7 cells inoculated in control samples had the ability to grow after 15 days of 

storage at 8ºC (Fig. 3 a, b, c and d) and showed a decrease trend in their counts after 1 

day of storage. This trend indicates that the low pH and the presence of the starter 

culture had an effect on  the survival of cells not treated by HHP. Escherichia strains 

inoculated in model cheese treated at 400 and 500 MPa -only for E. coli O59:H21- were 

not able to repair and grow after 15 days of  storage at 8ºC (Fig. 3 a and b) and kept 

their counts below the level of detection (10 CFU/g) in both culture media. In this 

research, a selective culture medium (SMC) and a modification of TAL method were 

used to detect injured Escherichia population produced by the cheese making process, 
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HHP treatments and the low pH of cheese (Table 3). Wu et al. (40) reported that TAL 

was an adequate method to enumerate acid injured E. coli O157:H7 cells. Moreover, in 

previous experiments carried out on the same washed-curd model cheese, we found that 

the combination of selective and nutritive culture media was an appropriate system to 

recover Yersinia enterocolitica injured cells (12). Nevertheless, in the present case, 

TALm medium was not able to recover the total population of injured cells of E. coli 

O59:H21 and E. coli  O157:H7. 

But after applying the enrichment process (24 h at 37ºC), cells of E. coli O59:H21 and 

E. coli O157:H7 were detected for 7 days (at days 0, 1 and 7) -in samples treated at 500 

MPa- and  for 15 days (at days 0, 1, 7 and 15) -in samples treated at 400 MPa- stored at 

8ºC (Table 4). At 300 MPa, cheese samples inoculated with E. coli O59:H21 and E. coli 

O157:H7 decreased their counts after 1 day of storage (Fig. 3 a, b, c and d) without 

reaching the level of detection in both culture media. Several authors have reported that 

HHP treatments produce sublethally injured cells (27, 7, 13), which in a stressful 

environment, are not able to recover and grow. Arroyo et al. (4) suggested that, in most 

cases, pressurized cells did not behave like dead or live cells. Cells that survive HHP 

treatments could become injured and develop sensitivity to physical and chemical 

environments to which the normal cells are resistant to (18, 22). It is clear from the data 

obtained that cheese matrix did not allow recovery and growth of injured cells being 

low pH and the presence of the starter culture the most important factors determining 

this behaviour (Table 3 and Fig. 3). Moreover, in a previous study (12), we made 

washed-curd model cheeses inoculated with Y. enterocolitica (serotypes O:1, O:3 and 

O:8) and starter culture, and we treated them with HHP at 300, 400 and 500 MPa for 10 

min at 20ºC. None of the Y. enterocolitica strains inoculated in cheese samples treated 

at 400 and 500 MPa showed repair ability after 15 days of storage at 8ºC remaining 

their cell counts below the detection level (1 log [CFU/g]).  

 

Behaviour of E. coli O59:H21 and E. coli O157:H7 after HHP treatments in 

model cheese produced without starter culture. Control samples inoculated with E. 

coli O59:H21 and E. coli O157:H7 did not show significant differences (P > 0.05) in 

their cell counts during the time of storage in any culture media (Fig. 4). E. coli 

O59:H21 and E. coli O157:H7 inoculated in model cheese and treated at 300, 400 and 

500 MPa showed an increase trend in their counts (ability to repair and grow) during the 

storage period at 8ºC (Fig. 4). Nevertheless, no significant differences (P > 0.05) –
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except for E. coli O59:H21 at 500 MPa-  in cell counts were found in both culture 

media. These results could be explained by the high variability found between 

replicates. Ritz et al. (36) reported that HHP treatments produce heterogeneous cell 

populations likely due to variations in levels of injury, metabolic activity and viability 

among the cells. Using vital staining with fluorescent dyes showed the presence of 

viable subpopulations that did not form colonies and were therefore not detected on agar 

culture media. Moreover, these authors suggested that due to this heterogeneity the 

reversible damage and the cellular repair that may occur under favourable conditions 

should not be ruled out. 

 At 500 MPa, both strains began to grow after 1 day of storage in both culture media 

(Fig. 4 b) reaching counts close to 3  and 6 log CFU/g in selective medium and TALm, 

respectively, at the end of the process. Repair of foodborne pathogens during storage is 

important for HHP treated low acid foods because it can cause overestimation of safety 

during storage (7). Generally, nutritionally rich media allow a relatively rapid repair for 

a high proportion of injured cells (41). Several authors have reported this behaviour 

after applying HHP treatments in different matrices. Metrick et al. (28) reported that 

Salmonella spp. strains were able to repair in chicken but not in buffer under the same 

conditions of pressure treatment and storage. Apparently, the lack of available nutrients 

in buffer prevented the cells from repairing. Carlez et al. (9) found that, although there 

were no counts of Pseudomonas spp. after minced meat was pressurized (400 MPa, 20 

min), growth was detected at 6 days of storage at 3ºC. After this initial lag, the growth 

rate of the repaired organisms was similar to that of the controls. Bozoglu et al. (7) 

showed that after pressure treatment at 550 MPa, initially colony formation of Listeria 

monocytogenes was not observed in selective or non-selective agar, suggesting that all 

cells were dead. However, at 4ºC after 6 days and at 22 and 30ºC after 1 day, colony 

formation occurred in both selective and non-selective agar. Moreover, in previous 

experiments (13), we found that three strains of Y. enterocolitica inoculated in skimmed 

milk and treated at 400 and 500 MPa, were able to grow in 1-4 days and in 1-10 days 

respectively after not having found cell counts the same day of the treatment.  

 

 

HHP treatments applied in this research are useful to reduce Escherichia population in 

this model cheese, but the presence of the starter culture is necessary to inhibit the 

recovery and growth and to increase the death rate of the injured population.  
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TABLE 1. Cell counts and increase values of E. coli strains inoculated in milk (initial 

inoculum) and in model cheese at cheese production day 

Counts in SMC 
log  (CFU/g) 

Increase values 
(log Nc – log Nm) 

Counts in TALm 
log (CFU/g) 

 Increase values 
(log Nc – log Nm) 

 

Strains 

 

Sample Meana SDb Mean SD Mean SD  Mean SD 

With starter 

milk 5.08A ±0.33 - - 5.19A ±0.32 - - E. coli O59:H21 
cheese 7.24B ±0.53 2.12I ±0.22 7.34B ±0.46 

 
2.14I ±0.17 

milk 5.28A ±0.15 - - 5.35A ±0.19 - - E. coli O157:H7 
cheese 6.88B ±0.29 1.60I ±0.15 7.01B ±0.24 

 
1.72I ±0.12 

Without starter  

milk 5.04A ±0.19 - - 5.05A ±0.20 - - E. coli O59:H21 
cheese 6.92B ±1.31 1.88I ±1.13 7.17B ±1.01 

 
2.11I ±0.83 

milk 5.03A ±0.24  - 5.06A 0.22 - - E. coli O157:H7 
cheese 6.86B ±1.15 1.83I ±1.00 7.08B ±0.95 

 
2.02I ±0.83 

 
a Means (n=6) with different letters and numbers are significantly different (P < 0.05) 
bStandard Deviation 



 

  

TABLE 2. Cell counts and decrease values of inoculated in model cheese produced with and 

without starter culture and pressurized at 300, 400  and 500 MPa at 20ºC  for 10 min at day 0.  

 

n.d.: not detected. Detection level: 1 log (CFU/g) 
a Means (n=6) with different letters are significantly different (P < 0.05) 
bStandard Deviation 

 
 
 
 
 
 
 
 

Counts in SMC 
log  (CFU/g) 

Decrease values 
[log(No) – log(N)]

Counts in TALm 
log (CFU/g) 

 Decrease values 
[log(No) – log(N)]

 

Strains 
Treatment

(MPa) 
Meana SDb Mean SD Mean SD  Mean SD 

With starter   

0 6.89 ±0.35 - - 7.14 ±0.52 - - 
300 4.24 ±0.46 2.65A ±0.25 4.89 ±0.03 

 
2.25A ±0.54 

400 n.d - ≥5.89D ±0.35 1.08 ±0.19  6.06D ±0.63

E. coli O59:H21 

500 n.d - ≥5.89D ±0.35 n.d -  ≥6.14D ±0.52 

0 7.08 ±0.11 - - 7.23 ±0.16 - - 
300 5.12 ±0.26 1.96A ±0.18 5.31 ±0.14 

 
1.96A ±0.18 

400 1.32 ±0.50 5.76D ±0.61 2.55 ±0.51  4.68B,C ±0.61

E. coli O157:H7 

500 n.d - ≥6.08D ±0.11 1.05 ±0.12  ≥6.23D ±0.20 

Without starter  

0 6.36 ±1.57 - - 7.03 ±0.68 - - 
300 4.44 ±1.08 1.92A ±0.49 4.76 ±1.31 

 
2.27A ±1.31 

400 1.75 ±0.87 4.61B,C ±0.70 2.75 ±1.05  4.28B ±0.38 

E. coli O59:H21 

500 n.d - ≥5.36B,C ±1.57 n.d -  ≥6.03D ±0.68 

0 6.97 ±1.05 - - 7.19 ±1.01 - - 
300 4.03 ±0.39 2.94A ±0.66 4.26 ±0.66 

 
2.92A ±0.36 

400 2.78 ±1.12 4.19B ±0.10 3.14 ±0.67  4.05B ±0.36 

E. coli O157:H7 

500 n.d - ≥5.97D ±1.05 n.d -  ≥6.19D ±1.01 



 

  

TABLE 3. Values of pH in blank cheese samples produced with and without starter  

culture and stored at 8ºC for 15 days.  

 
With starter Without starter  

 
Time 

(Days) 

Meana 
(n=6) 

SDb 

 

Mean 
(n=6) 

SD 

cpd 5.08A 0.06  6.64D 0.02 

0 5.08A 0.03  6.69E 0.03 

1 5.02B 0.03  6.57F 0.03 

7 4.82B 0.01  6.48G 0.02 

15 4.78C 0.03  6.46G 0.01 
 

cpd: cheese production day 
a Means with different letters are significantly different (P < 0.05) 
bStandard Deviation  



 

  

TABLE 4.  Results of the enrichment process (24 h at 37ºC) applied to selected cheese 

samples produced with starter culture (those which showed cell counts below the detection 

level [10 CFU/g] during the storage time at  8ºC). 

 
Time (Days) 

 
  0  1 7  15 Sample 

E. coli 
O59:H21 

E. coli 
O157:H7  E. coli 

O59:H21 
E. coli 

O157:H7 
E. coli 

O59:H21 
E. coli 

O157:H7  E. coli 
O59:H21 

E. coli 
O157:H7 

-a -  - - - -  - - 
- -  - - - -  - - 

Blank 

- -  - - - -  - - 

+b +  + + - -  - - 
+ +  + + + +  + + 

400 MPa 

+ +  + + - -  - - 

+ +  + + - -  - - 
+ +  + + + +  - - 

500 MPa 

+ +  + + - -  - - 
 

a Negative growth 
bPositive growth 

 



 

  

FIGURE 1.  Water pressure variation in the chamber as a function of time during the 
treatment at 20ºC.  
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FIGURE 2. Water temperature variation in the chamber as a function of time during the 

treatment at 20ºC and 300, 400 and 500 MPa of pressure.  
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FIGURE 3.  Behaviour of E coli O59:H21− (a) in TALm and  (b) in SMC media− and E. 

coli O157:H7 −(c) in TALm and (d) in SMC media− inoculated in model cheese produced 

with starter culture and treated at 300 MPa, 400 and 500 MPa for 10 min at  20ºC.  
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FIGURE 4. Behaviour of E coli O59:H21− (a) in TALm and  (b) SMC media−  and E. coli 

O157:H7 − (c) in TALm and (d) SMC media− inoculated in model cheese produced without 

starter culture and treated at 300 MPa, 400 and 500 MPa for 10 min at  20ºC.  
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Abstract 

 

The aim of this work was to determine the response to high hydrostatic pressure (HHP) and 

the ability for survival, recovery and growth of S. enteritidis and S. typhimurium inoculated 

in washed-curd model cheese produced with and without starter culture. Inoculated samples 

were treated at 300 and 400 MPa for 10 min at room temperature and analysed after the 

treatment and after 1, 7 and 15 days of storage at 12 ºC to study the behaviour of 

Salmonella population. Cheese samples produced with starter culture and treated at 300 and 

400 MPa showed maximum lethality and no significant differences in the baroresistant 

behaviour of both strains were detected. Nevertheless, when starter culture was not present, 

the maximum lethality was only observed in cheese samples treated at 400 MPa and only in 

the case of S. enteritidis. Ability to repair and grow was not observed in model cheese made 

with starter culture and cell counts of treated samples decreased after 15 days of storage at 

12 ºC. Whereas, in cheese produced without starter culture, Salmonella cells showed the 

ability to repair and grow during the storage period, reaching counts over 3 log (CFU/mL) 

in both applied treatments and strains. These results suggest that HHP treatments are 

effective to reduce Salmonella population in this type of cheese, but the presence of the 

starter culture controls the ability of this microorganism to repair and grow during the 

storage period. 

 

Keywords: high hydrostatic pressure; injured cell; Salmonella; cheese; starter culture. 

 

 

 

 

 

 

 

 

 

 



 

 

1. Introduction 

 

Salmonella is ubiquitous in nature and the serotypes that can cause human infections occur 

in all types of animals, including a significant but unknown number of domestic animals. 

Infections exhibit a number of clinical manifestations, but gastrointestinal disorders are the 

most common. The severity and duration of symptoms depend on the type of Salmonella 

present, the amount of food eaten and the susceptibility of the person involved (El-Gazzar 

and Marth, 1992). The two most prevalent serovars of Salmonella currently isolated from 

foodborne outbreaks in USA and Europe are S. enterica serovar enteritidis and S. enterica 

serovar typhimurium (Mattick et al., 2001, Anonymous, 2003). Moreover, S. enterica 

serovar enteritidis is one of the Salmonella serotypes most commonly associated with 

morbidity and mortality in humans (Ahmed et al., 2000).  

 

Raw and pasteurized milk and different types of cheese have been involved in several 

outbreaks (CDC, 1985; Altekruse et al., 1998). Some studies have showed that when milk 

becomes contaminated with Salmonella spp. after pasteurization, the pathogen could 

survive the cheese making process and persist for several months in the cheese (Leyer and 

Johnson, 1992). In ripened Cheddar cheese, Salmonella counts were detected for up to 7 

months at 7 ºC. In cold-packed cheeses, cells were found depending on the pH value and 

preservative used (El-Gazzar and Marth, 1992). Moreover, fat and proteins in cheese can 

protect foodborne pathogens from gastric acidity, reducing the number of organisms 

necessary to cause clinical infections (Altekruse et al., 1998). These trends reasserts the 

importance of detecting low numbers of Salmonella cells in cheese .  

 

High hydrostatic pressure (HHP) has  been proposed as a viable alternative to conventional 

heat treatment for preserving food. In contrast to thermal processing, the application of 

HHP to foods causes negligible impairment of nutritional value, taste, colour or flavour 

(Smelt, 1998). HHP induces a number of changes to morphology, biochemical reactions 

and genetic mechanisms, and to the cell membrane and wall of microorganisms (Hoover et 

al., 1989). Several factors are known to affect the resistance of bacteria to HHP: the 

temperature, magnitude and duration of pressure treatment, the stage of growth and the 



 

 

composition of medium (McClements et al., 2001). Moreover, in food, two effects always 

determine microbiological safety and stability: the effect of the food matrix during 

treatment (Patterson and Kilpatrick, 1998), and its effect after treatment, during the repair 

phase of the microorganisms (Smelt, 1998).   

 

In cheese, differences in the degree of microbial inactivation obtained applying HHP may 

be due to the species and the quantity of starter cultures used as well as cheese acidity and 

composition (O’Reilly et al., 2001). Several authors have studied the effect of high 

hydrostatic pressure on microorganisms and spores in different types of cheese (O’Reilly et 

al., 2001; López-Pedemonte et al., 2003 and De Lamo-Castellví et al., 2005a) but it is  also 

necessary to evaluate the behaviour of Salmonella. For this purpose, we selected a washed-

curd model cheese following the protocol proposed by López-Pedemonte et al. (2003) 

which allowed us to work under controlled microbiological conditions. 

 

The aim of this study was to evaluate the effect of HHP in two strains of Salmonella 

enterica (S. enteritidis and S. typhimurium) inoculated in washed-curd model cheese 

produced with or without starter culture and to analyse the behaviour of both pathogens 

during a storage period of 15 days at 12 ºC. 

 

 

2. Materials and methods 

 

 2.1. Bacteria  culture preparation  

Salmonella enteritidis (ATCC 13076) and S. typhimurium (ATCC 13311) were obtained 

from Spanish Type Culture Collection (CECT, Universidad de Valencia, Valencia, Spain) 

and were kept in cryobeads (Nalgene® System 100TM, Microkit Iberica S.L., Madrid, Spain) 

at –20 ºC. Initial bacterial culture was obtained by inoculating a cryobead in 10 ml of Brain 

Heart Infusion broth (BHI, Oxoid, Basingtoke, UK) containing 0.6% yeast extract (BHIYE, 

Oxoid) and incubated at 37 ºC for 24 h. One ml of this first culture was transferred to 10 ml 

of BHIYE and incubated for 18 h at the same temperature to allow the culture to reach the 

stationary phase. Cells were centrifuged at 1,250 x g for 15 min at room temperature, 



 

 

washed once in 10 mM phosphate-buffered saline (PBS, Oxoid) and the pellets were 

resuspended in PBS to a final concentration of about 8-9 log (CFU/ml). 

 

 2.2. Starter culture preparation  

A mixture of commercial lyophilized strains of Lactococcus lactis subsp. lactis and 

Lactococcus lactis subsp. cremoris (Ezal MAO 11, Rhodia Iberia S.A., Madrid, Spain), that 

is known as a non-bacteriocin producer, was used as a starter culture for the washed-curd 

model cheese manufacture. The culture was revived inoculating 0.015 g of mixture in 1,000 

ml of commercial sterilized skimmed milk and incubated at 30 ºC for 24  h. A volume of 50 

ml was used to prepare a subculture in 200 ml of sterilized skimmed milk, which was 

incubated under the same temperature and time conditions reaching a final concentration of 

about 9 log (CFU/ml).  

 

2.3. Model cheese manufacture 

Raw cow’s milk obtained from a local farm was transported and stored at 4 ºC. Before 

inoculation, milk was pasteurized at 65 ºC for 30 min and cooled to 32 ºC in an ice and 

water bath. Two per cent (vol/vol) of starter culture and  0.01% (vol/vol) of a 35% CaCl2 

dilution (Arroyo, Santander, Spain) were added. Milk was kept in a water bath at 32 ºC for 

20 min and then inoculated with 1% (vol/vol) of S. enteritidis or S. typhimurium inoculum 

(except blanks). 0.02% (vol/vol) of liquid rennet extract of bovine origin (520 mg/l of 

active chymosin, Arroyo, Santander, Spain) was added as coagulating agent. Centrifugation 

bottles (Nalgene®, Nalge Nunc International, Rochester, USA) were filled with 225 ml of 

inoculated milk and placed in a bath at 32 ºC for 40 min until curd was formed. Curd was 

cut into small pieces and kept in the water bath while temperature was increased to 37 ºC 

for over 5 min. The bottles were kept in the bath at 37 ºC for further 15 min. Curds were 

washed to avoid excessive acidification, substituting 40% (vol/vol) of whey with sterile 

water. Bottles were then centrifuged at 7,000 x g for 40 min at 20 ºC and kept in their 

containers in a water bath at 37 ºC until pH 5.5 was reached. When pH of the resulting 

cheeses dropped to 5.5, whey was completely removed from the bottles by decantation and 

cheeses were salted by adding, in each bottle, 100 ml of 20% (wt/vol) NaCl sterile brine for 

15 min. After this, cheeses were removed from the centrifugation bottles using sterile 



 

 

pincers and dried on sterile paper. They had a final weight of approximately 23 g with 55% 

of dry matter and 1.5% of salt in moisture content. Cheeses were twice vacuum packed in 

plastic bags (Cryovac Packaging, Sant Boi de Llobregat, Spain) and stored overnight at 12 

ºC before high pressure treatment.  

In the case of model cheeses produced without starter culture, the same protocol without 

adding starter culture was followed. 

 

2.4. High pressure treatment  

Cheese samples were pressurized in a discontinuous isostatic press (ACB, Nantes, France) 

with a pressure chamber measuring 30 cm of diameter and 70 cm of length. The time 

needed to achieve maximum pressure (400 MPa) was 4 min. The temperature of the 

pressurization fluid (water) was measured by a thermocouple. Cheese samples were 

pressurized at 300 and 400 MPa for 10 min at room temperature. 

 

2.5. Sampling protocol 

Pasteurized milk samples inoculated with S. enteritidis or S. typhimurium were analysed  to 

count  the population of these microorganisms prior to the cheese making process. Three 

groups of cheese samples were analysed: Non-inoculated (blank cheese samples), 

inoculated with S. enteritidis or S. typhimurium but not treated by HHP (control cheese 

samples), and inoculated and treated (pressurized cheese samples). All samples were stored 

at 12 ºC. At the end of the cheese production, control samples were analysed to assess the 

population of S. enteritidis and S. typhimurium. Microbiological analyses were performed 

at 0 day (immediately after HHP treatment) and at 1, 7 and 15 days after treatment for all 

samples. Experiments were run three times with duplicate analyses each time. 

 

2.6. Microbiological analyses 

Ten g of each sample were homogenized in 90 ml of maximum recovery diluent (MRD, 

Oxoid) for 1 min using an electromechanical blender (BagMixer®, Interscience, St Nom, 

France) at room temperature. Ten-fold serial dilutions were produced in  MRD and 1 ml of 

appropriate dilution was plated into Salmonella Chromogenic agar base (SC, Oxoid) 

containing Salmonella Selective Supplement (Oxoid) to count non-injured cells of S. 



 

 

enteritidis and S. typhimurium. A modification of the thin agar layer method (TALm) (Kang 

and Fung, 1999) was used to count both injured and non-injured cells to a detection level of 

10 CFU/g. After a selective medium (SC) layer, the first layer of nutritive medium (Brain 

Heart Infusion agar supplemented with 0,6% yeast extract, BHIAYE, Oxoid) was added. 

Then, 1 ml of appropriate dilution of cheese sample and a second layer of nutritive medium 

were added. All plates were incubated at 37 ºC for 24 h.  

Besides this, 1 ml of appropriate dilution was plated into M17 agar (M17, Oxoid) 

supplemented with  5%  (wt/vol) of  lactose (Oxoid) at 20% (wt/vol) to evaluate the count 

of Lactococcus in model cheeses produced with starter culture. All plates were incubated at 

30 ºC for 48 h. 

Results are expressed as the logarithm of colony-forming units (CFU) per g. Increase value 

was calculated as the difference between the logarithms of colony counts of control cheese 

samples (Nc) and milk samples (Nm) analysed at the end of cheese production (log Nc- log 

Nm). Lethality was calculated as the difference between the logarithms of colony counts of 

the control (N0) and treated samples at day 0 (log No- log N). 

To check the presence of injured S. enteritidis and S. typhimurium cells in cheese samples 

that did not show colonies growing in both culture media, an enrichment procedure was 

used. For this purpose, the first dilution of each sample obtained after HHP treatment and 

after 1, 7 and 15 days of storage, consisting of 10 g of cheese diluted in 90 ml of MRD, was 

stored at 37 ºC for 24 h. A loopful of this culture was streaked onto a plate of SC and 

incubated at 37 ºC for 24 h. 

 

2.7. pH measurement 

Model cheese pH was determined using a penetration electrode (Crison, Crison Instruments 

S.A., Alella, Spain). pH values were based on the mean of nine measurements. 



 

 

 

2.8. Statistical analyses  

Analysis of variance was performed using the General Linear Models Procedure of SAS® 

software (SAS® System for WindowsTM, 8.02, 1999, SAS Institute, Inc., Cary, North 

Carolina, USA). Student-Newman-Keuls tests were used to obtain paired comparisons 

among sample means. Level of significance was set at P<0.05. 

 

3. Results and Discussion 

 

3.1. Behaviour of initial inocula during model cheese production 

Cell counts of S. enteritidis and S. typhimurium inoculated in milk and in model cheese 

produced with and without starter culture and their increase values are shown in Table 1 

and Table 2. It is clear from the results obtained that S. enteritidis and S. typhimurium 

increased their cell counts during cheese making process in both types of cheese. Several 

authors have reported an increase of Salmonella counts during Cheddar cheese manufacture 

process (Wood et al., 1984; Modi et al., 2001). This increase in regard to inoculated milk 

could be considered a consequence of physical concentration and growth of the inocula 

during cheese production. Spahr and Url (1994) found that the increase of 1 log (CFU/g) in 

bacterial counts during the first steps of cheese making process is due to the physical 

concentration phenomenon resulting from the syneresis of the curd rather than to bacterial 

growth. Also, some studies have demonstrated the ability of different species of pathogenic 

microorganisms to grow during the cheese making process when they have been added to 

pasteurized milk after being grown in favourable conditions (Johnson et al., 1991). 

Moreover, it is important to remark that no significant differences (P>0.05) were detected 

in the increase values of different strains and culture media obtained during the production 

of cheese produced with starter culture (Table 1). However, in cheese made without starter 

culture, the increase value of S. enteritidis and S. typhimurium observed during cheese 

manufacture was highly significant (P<0.05) in TALm, but not in selective medium. No 

differences were detected between strains (Table 2).  

A population of bacteria after physical preservation treatment may contain three 

physiological types of cells: non-injured cells, that are capable of growth and multiplication 



 

 

both in selective and non-selective culture medium; injured cells, that are capable of 

multiplication in a non-selective medium but not in a selective medium; and dead cells, 

which are incapable of multiplication under any conditions (Wuytack et al., 2003). In this 

research, a selective culture medium (SC) and a modification of TALm were used to detect 

injured Salmonella population produced by the cheese making process, HHP treatments and 

low pH of cheese (Table 6). Wu et al. (2001) reported that TAL was an adequate method to 

enumerate acid injured S. typhimurium cells. In previous experiments carried out on the 

same washed-curd model cheeses, we found that the combination of both culture media was 

an appropriate method to detect Yersinia enterocolitica injured cells (De Lamo-Castellví et 

al., 2005a). In the present case, the population of injured cells of S. enteritidis and S. 

typhimurium induced by cheese making and the low pH of cheese was not able to recover 

and grow in TALm medium. Other authors have reported this behaviour: Brashears et al. 

(2001) found that Salmonella cells subjected to stress by lactic acid (pH 3.5 after 18 h of 

incubation at 4 ºC) were not able to repair themselves using another recovery media 

method: stressed cells were put on a 5 ml thin layer of tryptic soy agar, incubated for 2 h at 

room temperature and then overlayed with Xylose Lysine Tergitol4 agar.  

 

3.2. High pressure effect at day 0 in model cheese 

Lethality results obtained immediately after HHP treatments in washed-curd model cheese 

inoculated with and without starter culture and with S. enteritidis or S. typhimurium are 

shown in Table 3 and Table 4. In the case of cheese produced with starter culture, 300 and 

400 MPa treatments did not produce any significant differences in lethality values in both 

strains and culture media (P>0.05). Thus, we could not detect any differences in the 

pressure resistance behaviour between strains. Nevertheless, it is important to point out that 

at 400 MPa -in the case of S. enteritidis and S. typhimurium- and 300 MPa -in the case of S. 

typhimurium in SC culture medium- lethality values depended on the concentration of these 

microorganisms in cheese prior to the treatment and could have been higher. In cheese 

made without starter culture and inoculated with S. enteritidis, the treatment that caused the 

highest lethality was 400 MPa and it is worth to mention that this value was more 

significant (P<0.05) in TALm than in selective medium. No significant differences were 

detected in the lethality values obtained after applying 300 and 400 MPa in model cheese 



 

 

made without starter culture and inoculated with S. typhimurium except in the case of 400 

MPa in TALm, that was highly significant (P<0.05). 

 

HHP treatments used in this work were effective to reduce the initial counts on selective 

medium and TALm of S. enteritidis and S. typhimurium inoculated in cheese produced with 

and without starter culture. Other studies have evaluated the effect of high hydrostatic 

pressure on inoculated microorganisms in cheese. Capellas et al. (1996) made fresh cheese 

inoculated with Escherichia coli CECT 405. Samples were treated using different 

combinations of pressure (400-500 MPa), temperature (2, 10 or 25 ºC) and time (5, 10 or 

15 min) and subsequently stored at 2-4 ºC. No survival of E. coli cells were detected 1 day 

after pressurisation, except in samples treated for 5 min at 25 ºC at pressures of 400-450 

MPa. O’Reilly et al. (2000) did not detect cell counts of Staphylococcus aureus and E. coli 

inoculated in cheese slurries after applying HHP treatments higher than 600 MPa at 20 ºC 

and 400 MPa at 30 ºC, respectively. In a previous survey (De Lamo-Castellvi et al., 2005a) 

we reported that HHP treatments at 400 and 500 MPa for 10 min at 20 ºC were effective to 

reduce the initial population of Y. enterocolitica inoculated in model cheese produced with 

starter culture. 

 

 3.3. Behaviour of S. enteritidis and S. typhimurium after HHP treatment in model cheese 

produced with starter culture 

No significant differences (P>0.05) between cell counts of S. enteritidis and S. typhimurium 

were detected in both culture media, except in cheese samples inoculated with S. enteritidis 

and S. typhimurium and treated at 300 MPa (P<0.05). Salmonella strains inoculated in 

model cheese treated at 400 MPa were not able to repair after 15 days of  storage at 12 ºC 

(Fig. 1 a and b) and kept their counts below the detection level (10 CFU/g) in both culture 

media. Moreover, after the enrichment process (24 h at 37 ºC), S. enteritidis and S. 

typhimurium cells were only detected at day 1 of storage at 12 ºC (data not shown). At 300 

MPa, cheese samples inoculated with S. enteritidis decreased their cell counts during the 

time of storage (Fig. 1 a) without reaching the level of detection, and S. typhimurium 

decreased their cell counts below the level of detection after 7 days of storage (Fig. 1 b) in 



 

 

both culture media.  In this case, it is worth noting that cell counts of S. typhimurium were 

found after the enrichment process from 0 to 15 days of storage.  

It is well established that HHP treatments produce sublethally injured cells (McClements et 

al., 2001; Bozoglu et al., 2004), which in a stressful environment are not able to repair. The 

analysis of the behaviour of cell counts after the treatment suggests that the cheese matrix 

did not allow recovery and growth of injured cells. The main contributing factor to this 

effect seems to be low pH mainly produced by the conversion of lactose in lactic acid and 

also by the presence of the starter culture (Table 6 and Fig. 6). Several authors have 

reported that when pH is low, most microbes become more susceptible to HHP inactivation 

and recovery of sublethally injured cells is reduced (Pagán et al., 2001). In a preliminary 

research (De Lamo-Castellví et al., 2005a), we made washed-curd model cheeses 

inoculated with three strains of  Y. enterocolitica (serotypes O:1, O:3 and O:8) and starter 

culture, and we treated them with HHP at 300, 400 and 500 MPa for 10 min at 20 ºC. In 

this case, none of the Y. enterocolitica strains inoculated in samples treated at 400 and 500 

MPa showed repair ability after 15 days of storage at 8 ºC: their cell counts remained  

below the detection level (1 log [CFU/g]). Serotype O:1 treated at 300 MPa was not able to 

repair, and serotypes O:3 and O:8 treated at 300 MPa showed a decrease in their cell counts 

during storage. 

None of S. typhimurium or S. enteritidis cells inoculated in control samples had the ability 

to grow after 15 days of ripening at 12 ºC (Fig. 1 a and b) and showed a decrease trend in 

their cell counts after 1 and 7 days of storage, respectively. This trend was more 

accentuated in the case of S. typhimurium (Fig. 1 b) and showed counts close to the 

detection level (10 CFU/g) after 15 days of storage at 12 ºC. This decrease trend detected in 

Salmonella cell counts of control samples proves that both strains are affected by low pH 

and starter culture and this effect was more important in the case of S. typhimurium. Modi 

et al. (2001) reported that Salmonella can survive during the manufacture and ripening of 

Cheddar cheese made from raw milk at least 60 days at temperature greater than 2 ºC and 

mainly the pH and starter culture had an effect on its survival. 

 

 



 

 

3.4. Behaviour of S. enteritidis and S. typhimurium after HHP treatment in model cheeses 

produced without starter culture 

S. enteritidis and S. typhimurium inoculated in model cheese and treated at 300 and 400 

MPa had the ability to repair and grow during the storage period at 12 ºC (Fig. 2 b and c). 

Nevertheless, depending on the HHP treatment, the time necessary to detect this behaviour 

and the level of Salmonella population after the storage period were different. At 300 MPa, 

both strains began to grow after 1 day of storage in both culture media (Fig. 2 b) reaching 

counts close to 4 and 8 log (CFU/g) in selective medium and TALm, respectively, at the end 

of the process. At 400 MPa, S. enteritidis and S. typhimurium increased their cell counts 

after 1 and 7 days of storage in TALm and selective medium (Fig. 2 c). At the end of 

storage period, both strains showed cell counts over 3 and 7 log (CFU/g) in selective 

medium and TALm, respectively. 

Control samples inoculated with S. enteritidis and S. typhimurium did not show significant 

differences (P<0.05) in their cell counts during the time of storage in any culture media 

(Fig. 2 a), except for S. typhimurium in TALm (P<0.05). Nevertheless, significant 

differences (P<0.05) between cell counts of S. enteritidis and S. typhimurium were detected 

in both culture media and in all treated cheese samples analysed during the storage period 

at 12 ºC (Fig. 2 a, b and c). 

Sublethally injured cells are usually capable of repairing their injury in a non-selective 

environment. Generally, nutritionally rich media allow a relatively rapid repair of a high 

proportion of injured cells (Wuytack et al., 2003). Several authors have reported this 

behaviour after applying HHP treatments in different matrices. Metrick et al. (1989) 

reported that Salmonella spp. strains were able to repair in chicken but not in buffer under 

the same conditions of pressure treatment and storage. Apparently, the lack of available 

nutrients in buffer prevented the cells from repairing. Carlez et al. (1994) found that, 

although there were no counts of Pseudomonas spp. after minced meat was pressurized 

(400 MPa, 20 min), growth was detected at 6 days of storage at 3 ºC. After this initial lag, 

the growth rate of the repaired organisms was similar to that of the controls. Moreover, in 

previous experiments (De Lamo-Castellví, 2005b), we found that three strains of Y. 

enterocolitica inoculated in skimmed milk and treated at 400 and 500 MPa, were able to 



 

 

grow in 1-4 days and in 1-10 days respectively after not having found cell counts in the 

same day of the treatment.  

 

3.5.  High pressure effect at day 0 in starter culture 

At 300 MPa, the effect of HHP treatment on starter population was minimum, whereas it 

was close to 3 log (CFU/g) at 400 MPa (Table 5). Moreover, no significant difference 

(P>0.05) in pressure resistance behaviour of starter culture was detected between cheeses 

inoculated with S. enteritidis or S. typhimurium. 

Molina-Höppner (2002) reported that HHP treatments of Lactococcus lactis spp. cremoris 

MG1363 inoculated in milk buffer, initially affected metabolic activity and subsequently 

damaged membrane integrity. After a treatment for 5 min at 300 MPa the metabolic activity 

was 10-12% of the activity of untreated microorganisms and after 12 min of treatment the 

cells did not show any metabolic activity. During the treatment at 300 MPa cell death was 

closely followed by the loss of metabolic activity, but cultures retained about 25% of 

metabolic activity, even after 3 log (CFU/ml) reduction in cell counts. Nevertheless, the 

addition of high concentration of salts and solutes showed a protective effect during HHP 

treatment. The composition of the medium where the starter culture is dispersed in at the 

moment of pressurization significantly influences the efficiency of inactivation. Loss of 

viability is lower in food systems than in PBS (Kalchayanand et al., 1998 a). 

 

 3.6. Behaviour of starter culture after HHP treatments in model cheeses inoculated with S. 

enteritidis and  S. typhimurium 

Starter population treated by HHP showed a decrease trend in its cell counts in cheese 

samples inoculated with S. enteritidis and S. typhimurium during the storage time (Fig. 3 a 

and b). At 300 MPa, cell counts began to decrease during the same day of the treatment, in 

the case of S. enteritidis, and after 1 day of  storage at 12 ºC, in the case of S. typhimurium. 

At 400 MPa, this trend was observed after 1 day keeping cheese samples under refrigerated 

conditions. In control samples, this behaviour was observed after 7 days. 

Some authors suggest that HHP could restrict the pH range that bacteria can tolerate, 

possibly due to the inhibition of ATPase-dependent transfer protons and cations -or directly 

their denaturation- or the dislocation of bound ATPase in the membrane, and therefore 



 

 

recovery of sublethally injured cells would be reduced (Pagán et al., 2001; Wouters et al., 

1998). Moreover, Molina-Höppner, (2002) found that L. lactis cell counts on GM17 

supplemented with 3% of NaCl were generally lower than cell counts on GM17 indicating 

a formation of sublethally injured population during the application of HHP treatments.  

 

We conclude that HHP treatments can be useful to accelerate the reduction of initial levels 

of Salmonella in cheese, but it is necessary to combine this technology with the presence of 

the starter culture to inhibit the recovery and growth and to increase the death rate of the 

injured population.  
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Table 1  

Cell counts and increase values of S. enteritidis and S. typhimurium inoculated in milk 

(initial inoculum)  and in model cheese produced with starter culture (at the end of cheese 

production). 

   Counts in SC 
log  (CFU/g)  

Increase 
(log Nc – log Nm)  

Counts in TALm 
log (CFU/g)  

Increase 
(log Nc – log Nm) 

   

 
 
 
Strains 

 
 
 
Sample

Mean† 

(n=6) 
SD‡ 

 
Mean 
(n=6) 

SD 
 

Mean 
(n=6) 

SD 
 

Mean 
(n=6) 

SD 

milk 5.40a ±0.45  - -  5.61a ±0.34  - - S. enteritidis 
cheese 6.45b ±0.26  0.951 ±0.18  6.81b ±0.17  1.201 ±0.46 
milk 5.68A ±0.28  - -  5.92A,B ±0.13  - - S. typhimurium 
cheese 6.03A,B ±0.79  0.351 ±0.61  6.77B ±0.61  0.841 ±0.50 

 

†Means with different letters and numbers are significantly different (P<0.05) 
‡Standard Deviation 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

Table 2 

Cell counts and increase values of S. enteritidis and S. typhimurium inoculated in milk  

(initial inoculum) and in model cheese produced without starter culture (at the end of  

cheese production). 

 
   Counts in SC 

log (CFU/g)  
Increase 

(log Nc – log Nm)  
Counts in TALm 

log (CFU/g)  
Increase 

(log Nc – log Nm) 
   

 
 
 
Strains 

 
 
 
Sample

Mean† 
(n=6) 

SD‡ 
 

Mean 
(n=6) 

SD 
 

Mean 
(n=6) 

SD 
 

Mean 
(n=6) 

SD 

milk 4.79a ±0.21  - -  5.37b ±0.34  - - S .enteritidis 
cheese 5.36b ±0.33  0.571 ±0.43  7.50c ±0.55  2.132 ±0.29 
milk 4.09A ±0.60  - -  4.93A ±0.68  - - S. typhimurium 
cheese 4.81A ±0.47  0.721 ±0.69  7.32B ±0.67  2.382 ±0.10 

 

†Means with different letters and numbers are significantly different (P<0.05) 
‡Standard Deviation 



 

 

Table 3 

Cell counts and lethality values of S. enteritidis and S. typhimurium inoculated in model cheese 

produced with starter culture and pressurized at 300 and 400 MPa at room temperature for 10 min 

at day 0. 
 

   Counts in SC 
log (CFU/g)  

Lethality 
(log N0 – log N)  

Counts in TALm 
log (CFU/g)  

Lethality 
(log N0 – log N) 

   

 
 
 
Strains 

 
 
Treatment 

(MPa) 
Mean 
(n=6) 

SD 
 

Mean 
(n=6) 

SD 
 

Mean 
(n=6) 

SD 
 

Mean 
(n=6) 

SD 

0 5.98 ±0.74  - -  6.46 ±0.27  - - 
300 1.79 ±1.22  4.19a ±1.41  2.87 ±1.10  4.13a ±0.98 

S. enteritidis 

400 n.d -  ≥4.98a ±0.74  n.d -  ≥5.46a ±0.27 
0 5.27 ±0.73  - -  6.37 ±0.35  - - 

300 n.d -  ≥4.27a ±0.73  1.46 ±0.56  4.91a ±0.82 
S. typhimurium 

400 n.d -  ≥4.27a ±0.73  n.d -  ≥5.37a ±0.35 
 
n.d.: not detected. Detection level: 1 log (CFU/g) 
†Means with different letters are significantly different (P<0.05) 
‡Standard Deviation 



 

 

Table 4 

Cell counts and lethality values of S. enteritidis and S. typhimurium inoculated in model cheese 

produced without starter culture and pressurized at 300 and 400 MPa at room temperature for 10 

min at day 0.  
 

   Counts in SC 
log (CFU/g)  

Lethality 
(log N0 – log N)  

Counts in TALm 
log (CFU/g)  

Lethality 
(log N0 – log N) 

   

 
 
 
Strains 

 
 
Treatment 

(MPa) 
Mean† 
(n=6) 

SD‡ 
 

Mean 
(n=6) 

SD 
 

Mean 
(n=6) 

SD 
 

Mean 
(n=6) 

SD 

0 5.78 ±0.34  - -  7.75 ±0.22  - - 
300 3.80 ±0.15  1.89A ±0.32  5.93 ±0.17  2.14A ±0.28 

S. enteritidis 

400 n.d -  ≥4.78C ±0.34  2.03 ±0.41  6.34D ±0.35 
0 4.50 ±1.17  - -  7.69 ±0.12  - - 

300 2.59 ±0.43  2.66A,B ±0.31  5.05 ±0.10  3.07A,B ±1.02 
S. typhimurium 

400 n.d -  ≥3.50B ±1.17  n.d -  6.69D ±0.12 
 

n.d.: not detected. Detection level: 1 log (CFU/g) 
†Means with different letters are significantly different (P<0.05) 
‡Standard Deviation 



 

 

Table 5 

Cell counts in M17 and lethality values of starter culture inoculated in model cheese  

and pressurized at 300 and 400 MPa at room temperature for 10 min at day 0. 

 

 Counts in SC 
log (CFU/g)  

Lethality 
(log N0 – log N) 

 

 
 
 
Strains 

 
 

Treatment 
(MPa) 

Mean† 
(n=6) 

SD‡ 
 

Mean 
(n=6) 

SD 

0 9.21 ±0.10  - - 
300 8.95 ±0.10  0.26a ±0.12 

S. enteritidis 

400 6.37 ±0.64  2.84b ±0.71 
0 9.11 ±0.15  - - 

300 8.89 ±0.10  0.23a ±0.18 
S. typhimurium 

400 5.90 ±0.86  3.30b ±0.88 
 

†Means with different letters are significantly different (P<0.05) 
‡Standard Deviation 



 

 

Table 6 

Behaviour of pH in blank cheese samples produced with and without starter  

culture and stored at 12ºC. 

 

With starter Without starter  
 

Time 
(Days) 

Mean† 
(n=6) 

SD‡ 

 

Mean 
 (n=6) 

SD 

cpd 4.89a 0.05  6.60c 0.06 
0 4.89a 0.02  6.56c,d 0.11 
1 4.79b 0.04  6.53d,e 0.05 
7 4.75b 0.10  6.49e,f 0.02 

15 4.79b 0.04  6.46f 0.01 
 

cpd: cheese production day 
†Means with different letters are significantly different (P<0.05) 
‡Standard Deviation  
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Fig. 1.  Behaviour of S. enteritidis (a) and S. typhimurium (b) inoculated in model cheese 

produced with starter culture after HHP treatments at 300, 400 MPa for 10 min at room 

temperature.   
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Fig. 2. Behaviour of S. enteritidis and S. typhimurium inoculated in model cheese produced 

without starter culture and non-treated (a) and after treated at 300 MPa (b) and 400 MPa (c) 

for 10 min at  room temperature.  
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5.1. Skimmed milk 1 
 
 
5.1.1 High Pressure effect at day 0 

 
Cell counts obtained at day 0 showed that the most effective treatments for all Y. 

enterocolitica strains studied were 400 and 500 MPa (Table 1, paper 1). Pressure 

treatment at 300 MPa was the only that showed significant differences in the decrease 

values of the four strains used in this research. Serotypes O:3 and O:8 were clearly more 

pressure resistant than O:1 and O:9. This variation in baroresistance within strains of the 

same species has already been reported in other Gram negative bacteria (Patterson et al., 

1995; Benito et al., 1999). 

 

 

5.1.2 Behaviour of  Y. enterocolitica after high hydrostatic pressure treatments 

 

Y. enterocolitica strains inoculated in skimmed milk and treated at 300, 400 and 500 

MPa had the ability to repair and grow during the storage period at 8ºC. Nevertheless, 

the time necessary to detect this behaviour and the concentration of Yersinia population 

after the storage period were different. At 500 MPa cells started to grow between day 2 

and 10 (mostly at day 4), except in one replicate of Y. enterocolitica serotypes O:1 and 

O:9, that only started to grow after 15 days of storage (Table 8, this chapter).  

 

The fact that cells treated at 500 MPa only showed colony formation in culture media 

after certain days of storage at 8ºC suggests that the treatment injured them seriously 

and they needed time to repair. After this initial lag, the growth rate of the repaired 

organisms was similar to that of the controls. The considerably high repair and growth 

abilities of Y. enterocolitica in milk may be due to the nutritive nature of the medium 

and its liquid nature combined with the psychrotrophic behaviour of the pathogen.  

 

 

 

 

                                                 
1 Related to the first paper 
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Table 8. Cell counts at 0 and 15 days of Y. enterocolitica inoculated in milk and   
pressurized at 500 MPa at 20ºC  for 10 min.  

Counts in BHIAYE 
after HHP treatment

log (cfu/ml) 

Counts in BHIAYE 
after 15 days of 

storage log (cfu/ml)Serotype Pressure 
(MPa) 

Mean 
(n=6) 

SDa 

Starting day 
of  increase of  

cell counts  Mean 
(n=2) 

SD 

4 8.54 ±0.07 

10 8.51 ±0.02 O:1 500 n.d - 

- - - 

4 8.96 ±0.03 

4 8.55 ±0.09 O:3 500 n.d - 

7 8.95 ±0.05 

2 8.26 ±0.26 

10 8.35 ±0.12 O:8 500 n.d - 

4 8.85 ±0.01 

4 9.06 ±0.26 

7 8.38 ±0.03 O:9 500 n.d - 

- - - 

n.d.: not detected. Detection level: 1 cfu/ml 
aStandard Deviation 
 
 
 
5.1.3  Kinetic study of microbial inactivation 

 

Kinetic study of microbial inactivation in skimmed milk was performed with one of the 

most pressure resistant Y. enterocolitica strains in milk (serotype O:8) at 300 MPa and 

20ºC. A strong tailing was detected in the survival curves of this microorganism after 

applying the pressure treatment for 35 min (Figure 1, paper 1). Several authors have 

reported this kinetic trend (Metrick et al., 1989; Patterson et al., 1995; Gervilla, 2001) 

and different mathematical models have been proposed to explain these deviations in 

log-linear models (Chen and Hoover, 2003; Guan et al., 2005). In this case, quadratic 

adjustment was the mathematical model that better fitted the results and, in order to 

calculate D values, two equations obtained by linear regression were used. This 

simplification allowed us to obtain two D values (5.47 and 10.93 min) to explain the 
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different kinetic behaviour that this strain showed depending on the duration of the 

pressure treatment. 

 

 

5.2. Model cheese 2 
 

5.2.1 Behaviour of initial inoculum  during model cheese production 

 
In this research, a selective culture medium and a modification of the thin agar layer 

method (TALm) were used to detect injured bacteria produced by the cheese making 

process, high hydrostatic pressure treatments and/or low pH of cheese. Wu et al. (2001) 

reported that TAL was an adequate method to enumerate acid injured Y. enterocolitica, 

E. coli O157:H7 and S.  typhimurium cells. Nevertheless, in this application, only in the 

case of Y. enterocolitica (cheese produced with starter culture) and S. enterica (cheese 

produced without starter culture) strains, TALm medium was able to recover injured 

cells. Ritz et al. (2001) reported that high hydrostatic pressure treatments produce 

heterogeneous cell populations likely due to variations in levels of injury, metabolic 

activity and viability among the cells. Using vital staining with fluorescent dyes, they 

showed the presence of viable subpopulations that did not form colonies and were 

therefore not detected on agar culture media.  

 
 
E. coli and S. enterica strains increased their cell counts during cheese making process 

in both types of cheese (Table 1, paper 3; Table 1 and Table 2, paper 4). Several 

studies have reported this behaviour with E. coli in hard and fresh cheese (Spahr and 

Url, 1994; Capellas et al., 1996) and with Salmonella during Cheddar cheese 

manufacture process (Wood et al., 1984; Modi et al., 2001). This increase, in regard to 

inoculated milk, could be produced by a combination of a physical entrapment in the 

curd (Spahr and Url, 1994) and growth of the initial population during cheese making 

process (Maher et al., 2001). Moreover, it is important to remark that no significant 

differences were detected in the increase values of different strains and in the cell counts 

                                                 
2 Related to the second, third and fourth paper 
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obtained in selective medium and the medium designed for repairing (TALm), excepting 

for Salmonella strains in TALm, for cheese samples produced without starter culture. 

 
 

5.2.2 High Pressure effect at day 0 in pathogenic bacteria 

 

High pressure treatments used in this research were effective to reduce the initial counts 

of Y. enterocolitica, E. coli and S. enterica strains inoculated in cheese produced with 

and without starter culture, and the analysis of decrease values at the same day of the 

treatment showed that the most effective pressure treatments were the highest pressures 

applied (Table 1, paper 2; Table 2, paper 3; Table 3 and Table 4, paper 4). In cheese 

samples produced with starter culture, these pressures were 400 and 500 MPa, -in the 

case of Y. enterocolitica (serotypes O:3 and O:8), E. coli O59:H21, E. coli O157:H7 

(only in selective culture medium) and 300 and 400 MPa, -in the case of S. enterica (S. 

enteritidis and S. typhimurium)-. Nevertheless, it is important to remark that in cheese 

produced without starter culture, it was necessary to apply more pressure to obtain the 

same reduction than in cheese produced with starter culture (Figure 7, this chapter). In 

fact, the most effective treatment was mainly 500 MPa, for E. coli strains and 400 MPa 

for S. enteritidis and S. typhimurium -in this case only in TALm-. Differences in pH 

between the two types of cheese (Table 9, this chapter) and the presence of starter 

culture could be the main reasons for this behaviour. In fact, several studies have 

demonstrated that bacteria could become much more pressure-sensitive at low pH and 

an efficient inactivation of even the most pressure-resistant vegetative bacteria could be 

produced at relatively mild pressure in acidic foods (García-Graells et al., 1998; Alpas 

et al., 2000; Jordan et al., 2001). 

 

In model cheese produced with starter culture, 300 MPa was the only treatment that 

allowed us to detect differences between baroresistant behaviour in Y. enterocolitica 

strains. Serotype O:3 was more pressure resistant than serotype O:1 and O:8. The 

different sensitivity to low pH generated during cheese manufacture and changes in the 

log phase of growth of Yersinia cells could explain these results. Whereas, no 

differences in the pressure resistance behaviour between E. coli and S. enterica strains 

were detected in both types of cheese.  
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Figure 7. Cell counts in TALm at day 0 of pathogenic bacteria inoculated in model 
cheese produced (a) with and (b) without starter culture and treated at 300, 400 or 500 
MPa for 10 min at 20ºC. 
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Table 9. Values of pH in blank cheese samples (non inoculated and untreated) 
produced with and without starter and stored at 8 or 12ºC  for15 or 60  days.  

With starter Without starter 
Experiments Time 

(Days) Mean 
(n=9) SDa Mean 

(n=9) SD 

0 5.40 0.01  - - 
30 4.79 0.01  - - 
45 4.68 0.01  - - Yersinia 

60 4.65 0.01  - - 
cpd 5.08 0.06  6.64 0.02 
0 5.08 0.03  6.69 0.03 
1 5.02 0.03  6.57 0.03 
7 4.82 0.01  6.48 0.02 

E. coli 

15 4.78 0.03  6.46 0.01 
cpd 4.89 0.05  6.60 0.06 
0 4.89 0.02  6.56 0.11 
1 4.79 0.04  6.53 0.05 
7 4.75 0.10  6.49 0.02 

Salmonella 

15 4.79 0.04  6.46 0.01 
cpd: cheese production day 
aStandard Deviation 
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5.2.3 Behaviour of pathogenic bacteria after high hydrostatic pressure treatment in 

model cheese produced with starter culture 

 

Cheese samples inoculated with Y. enterocolitica or E. coli strains and treated at 400 

and 500 MPa did not show repair ability after 15 days of storage at 8ºC and kept their 

counts below the detection level (10 cfu/g) in both culture media (selective medium and 

TALm). Moreover, Salmonella strains inoculated in model cheese treated at 400 MPa 

were not able to repair either after 15 days of  storage at 12ºC (Table 10, this chapter). 

But after applying the enrichment process (24 h at 37ºC), cells of E. coli O59:H21 and 

E. coli O157:H7 were detected for 7 days -in samples treated at 500 MPa- and  for 15 

days -in samples treated at 400 MPa- stored at 8ºC. Whereas, cells of S. enteritidis and 

S. typhimurium were only detected at day 1 of storage at 12ºC (Table 11, this chapter). 

 

At 300 MPa, all bacteria showed a decreasing trend in their cell counts during the 

storage time and were not able to repair and grow after the treatment. In the case of Y. 

enterocolitica serotype O:8 and O:3, cells decreased their counts after 0 and 7 days of 

storage at 8ºC, respectively. For E. coli  and S. enterica strains, the decreasing trend in 

their cell counts happened after 1 and 7 days of keeping the samples at 8 and 12ºC, 

respectively (Table 10). Moreover, it is important to remark that none of the cell counts 

of control samples (inoculated but non-treated cheese samples) had the ability to 

increase after 15 days of storage and their cell counts decreased with the time depending 

on their sensitivity to low pH.   

 

To assess this decreasing trend, a long term study was conducted (60 days). The most 

baroresistant Y. enterocolitica strain in cheese at day 0 (serotype O:3) was selected for 

this purpose. Samples treated at 400 MPa did not show repair ability during the 60 days 

of ripening at 8ºC. Cheese samples treated at 300 MPa decreased their cell counts below 

detection level at day 15 (Table 10, this chapter). However, one of three replicates 

showed growth (after an enrichment treatment) at day 45 (Table 11, this chapter). 

Controls decreased below detection level at day 45, but one of three replicates grew at 

day 60 after the enrichment process. 

 

It is well established that high hydrostatic pressure treatments produce sublethally 

injured cells (Patterson et al., 1995; Simpson and Gilmour, 1997; Kalchayanand et al., 
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1998b; McClements et al., 2001; Bozoglu et al., 2004), which in a stressful  

environment, are not able to repair. The analysis of the behaviour of cell counts after the 

treatment suggests that the cheese matrix did not allow recovery and growth of injured 

cells. The main contributing factor to this effect seems to be low pH (Table 9, this 

chapter) mainly produced by the conversion of lactose in lactic acid and also the 

presence of the starter culture. Several authors have reported that when pH is low, most 

microbes become more susceptible to high pressure inactivation (Wouters et al., 1998; 

Alpas et al., 2000; Pagán et al., 2001) and recovery of sublethally injured cells is 

reduced.  

 

 

5.2.4 Behaviour of pathogenic bacteria after high hydrostatic pressure treatment in 

model cheese produced without starter culture 

 

E. coli and S. enterica strains inoculated in model cheese without starter culture and 

treated at 400 and 500 MPa or 300 and 400 MPa, respectively, had the ability to repair 

or/and grow during the storage period reaching similar levels of cell population. 

Nevertheless, depending on the high hydrostatic pressure treatment applied, the time 

necessary to detect this behaviour was different (Table 12, this chapter). Control 

samples inoculated with E. coli or S. enterica strains did not show significant 

differences in their cell counts during storage time in any culture media except for S. 

typhimurium in TALm.  

 

Sublethally injured cells are usually capable of repairing their injury in a non-selective 

environment. Generally, nutritionally rich media allow a relatively rapid repair for a 

high proportion of injured cells (Wuytack et al., 2003). Several authors have reported 

this behaviour after applying high hydrostatic pressure treatments in different matrices 

(Metrick et al., 1989; Carlez et al., 1994; García-Risco et al., 1998; Alpas et al., 2000; 

Black et al., 2005). Bozoglu et al. (2004) showed that after pressure treatment at 550 

MPa, initially colony formation of L. monocytogenes was not observed in selective or 

non-selective agar, suggesting that all cells were dead. However, at 4ºC after 6 days and 

at 22 and 30ºC after 1 day, colony formation occurred in both selective and non-

selective agar.  
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Table 10. Cell counts at 0 and 15 or 60 days of pathogenic bacteria inoculated in 
cheese produced with starter culture and pressurized at 300, 400 or 500 MPa at 20ºC  
for 10 min.  

Counts in TALm after 
HHP treatment 

log (cfu/g) 

Counts in TALm  
after 15 or 60 days of 

storage log (cfu/g) Strain 
Pressure 

(MPa) 
Mean SDa Mean SD 

300 n.d - n.d - 

400 n.d - n.d - Y.enterocolitica O:1 

500 n.d - n.d - 

4.14b ±0.03 2.23 ±1.10 
300 

4.32c ±0.25 n.d - 

n.db - n.d - 
400 

1.74c ±0.19 n.d - 

Y.enterocolitica O:3 

500 n.d - n.d - 

300 1.82 ±0.68 1.38 ±1.38 

400 n.d - n.d - Y.enterocolitica O:8 

500 n.d - n.d - 

300 4.89 ±0.03 2.55 ±0.27 

400 1.08 ±0.19 n.d - E. coli O59:H21 

500 n.d - n.d - 

300 5.31 ±0.14 2.73 ±0.72 

400 2.55 ±0.51 n.d - E. coli O157:H7 

500 1.05 ±0.12 n.d - 

300 2.87 ±1.10 1.53 ±0.59 
S. enteritidis 

400 n.d - n.d - 

300 1.46 ±0.56 n.d - 
S. typhimurium 

400 n.d - n.d - 

n.d.: not detected. Detection level: 1 log (cfu/g) 
aStandard Deviation 
bResults of short term experiments (15 days) 
cResults of long term experiments (60 days) 
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Table 11. Results of the enrichment process (24 h at 37ºC or 24 h at 32ºC) applied to 
selected cheese samples produced with starter culture (those which showed cell counts 
below the detection level [10 cfu/g] during the storage time). 

Time (Days) 
 Strain Pressure 

(MPa) 
0 1 7 15 30  45  60 
+a   + -b - - 
+   + + + + 300 
+   + - 

 
- 

 
- 

-   - - - - 
-   - - - - 

Y. enterocolitica  
(serotype O:3) 

400 
-   - - 

 
- 

 
- 

+ + - -    
+ + + +    400 
+ + - -  

 
 

 
 

+ + - -    
+ + + -    

E. coli O59:H21 

500 
+ + - -  

 
 

 
 

+ + - -    
+ + + +    400 
+ + - -  

 
 

 
 

+ + - -    
+ + + -    

E. coli O157:H7 

500 
+ + - -  

 
 

 
 

+ - - -    
+ + - -    S. enteritidis 400 
+ - - -  

 
 

 
 

+ + + +    
+ + + +    300 
+ + + +  

 
 

 
 

+ - - -    
+ + - -    

S. typhimurium 

400 
+ + - -  

 
 

 
 

aPositive growth 
bNegative growth 
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Table 12. Cell counts at 0 and 15 days of pathogenic bacteria inoculated in cheese 
produced without starter culture and pressurized at 300, 400 or 500 MPa at 20ºC  for 
10 min.  

Counts in TALm after 
HHP treatment 

log (cfu/g) 

Counts in TALm 
after 15 days of 

storage 
log (cfu/g) Strain Pressure 

(MPa) 
Mean 
(n=6) 

SDa 

Starting day 
of increase 
of counts  

Mean 
(n=6) 

SD 

300 4.76 ±1.31 -b 5.58 ±1.77 

400 2.75 ±1.05 - 4.04 ±2.66 E. coli O59:H21 

500 n.d - 1 3.77 ±3.20 

300 4.26 ±0.66 - 5.04 ±1.52 

400 3.14 ±0.67 - 4.44 ±1.99 E. coli O157:H7 

500 n.d - 1 5.76 ±2.41 

300 5.93 ±0.17 1 7.83 ±0.12 
S. enteritidis 

400 2.03 ±0.41 1 7.48 ±0.10 

300 5.05 ±0.10 1 7.98 ±0.39 
S. typhimurium 

400 n.d - 1 7.53 ±0.10 

n.d: not detected. Detection level: 1 log (cfu/g) 
aStandard Deviation 
bNo significant differences (P > 0.05) in cell counts were found during storage  
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5.2.5 Behaviour of starter culture in model cheese inoculated with Y. enterocolitica  

serotype O:3 (long term experiments) or with S. enterica strains (short term 

experiments) 

 

At 300 MPa, the effect of high hydrostatic pressure treatment on starter population in 

cheese inoculated with S. enteritidis or S. typhimurium was minimum, whereas it was 

close to 3 log (cfu/g) at 400 MPa (Table 5, paper 4). Moreover, no significant 

differences in pressure resistance behaviour of starter culture were detected between 

cheese samples inoculated with Salmonella strains. Some authors have studied the 

effect of high pressure treatments on Lactococcus obtaining similar decrease values. 

Saldo (2002) found that a treatment of 400 MPa for 5 min reduced in 3 log (cfu/g) the 

presence of lactic bacteria in cheese. It is clear from these results that when we apply 

high hydrostatic pressure treatments in cheese to reduce the population of pathogen 

microorganisms we are also inactivating part of the starter population and maybe 

affecting its role during the ripening process. Nevertheless, Molina-Höppner (2002) 

reported that during the treatment at 300 MPa, Lactococcus lactis spp. cremoris 

(inoculated in milk buffer) retained about 25% of metabolic activity, even after 3 log 

(cfu/ml) reduction in cell counts. Moreover, this author found that the addition of high 

concentration of salts and solutes showed a protective effect on Lactococcus population 

during high hydrostatic pressure treatment. 

 

Starter population treated by high hydrostatic pressure and population of control 

samples showed a decrease trend in their cell counts during the storage time at 8 or 

12ºC. In cheese treated at 300 MPa, cell counts began to decrease during the same day 

of the treatment in the case of S. enteritidis, after 1 day of  storage at 12ºC in the case of 

S. typhimurium (Figure 3, paper 4) and after 15 days in the case of Y. enterocolitica 

serotype O:3 (Figure 8). At 400 MPa, this trend was observed after 1 day in cheese 

samples inoculated with S. enterica strains and after 15 days for cheese samples 

inoculated with Y. enterocolitica serotype O:3. For control samples, this behaviour was 

observed after 7 and 30 days, in the case of S. enterica strains and Y. enterocolitica, 

respectively. Wick et al. (2004) found that the population of L. lactis began to decrease 

after 84 days of keeping untreated and treated (200 MPa) Cheddar cheeses at 10ºC. 

Nevertheless, Saldo (2002) reported that Lactococcus inoculated in cheese increased 

their cell counts after being treated at 400 MPa for 5 min at 14ºC reaching the same 
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level of cell counts that showed control cheese samples (≈7 log [cfu/g]) after three 

weeks due to the fact that control cell counts decreased during the storage period (60 

days).  
 

 
 
Figure 8. Behaviour of starter culture in cheese samples inoculated with Y. 
enterocolitica (serotype O:3) and treated at 300 and 400 MPa for10 min at 20ºC and 
ripened for 60 days at 8ºC. 
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6. Conclusions 
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This study reasserts the importance of assessing the efficacy of high hydrostatic 

pressure treatments directly on food and analysing the ability of injured cells to repair 

and grow after the treatment. 

 

 

The kinetic study of microbial inactivation shows that there is a tailing effect 

that makes difficult to calculate a unique D value. 

  

 

The behaviour of Y. enterocolitica, E. coli and S. enterica strains in model 

cheese produced with starter culture suggests that 400 MPa is an adequate pressure to 

guarantee its microbiological safety. 

 

 

 This research confirms that high hydrostatic pressure treatments are useful to 

accelerate the reduction of initial levels of Y. enterocolitica, E coli and Salmonella 

strains in this type of cheese, but it is necessary to combine this technology with the 

presence of the starter culture to inhibit the recovery and growth and to increase the 

death rate of the injured population.  

 

 

In skimmed milk and in model cheese made without starter culture, 400 MPa 

and or 500 MPa treatments produced an adequate lethality at the same day of the 

treatment, but the combination of the reported phenomena (repair ability and growth) 

indicates that these treatments are not suitable to prevent Y. enterocolitica, E. coli and S. 

enterica strains from growing  during storage at 8 or 12ºC.  

 

 

Classic culture techniques used in this work to count injured and non-injured 

cells seem to be inefficient to detect all the population of viable cells. Other techniques, 

like flow cytometry, should be tested to detect more efficiently this population.   
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