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  ABSTRACT 

  A major problem with reduced-fat cheese is the dif-
ficulty in attaining the characteristic flavor and texture 
of typical full-fat versions. Some previous studies have 
suggested that high hydrostatic pressure (HHP) can 
accelerate the ripening of full-fat cheeses. Our objective 
was to investigate the effect of HHP on reduced-fat 
(~7.3% fat) Cheddar cheese, with the goal of improv-
ing its flavor and texture. We used a central composite 
rotatable design with response surface methodology to 
study the effect of pressure and holding time on the 
rheological, physical, chemical, and microbial char-
acteristics of reduced-fat Cheddar cheese. A 2-level 
factorial experimental design was chosen to study the 
effects of the independent variables (pressure and hold-
ing time). Pressures were varied from around 50 to 400 
MPa and holding times ranged from 2.5 to 19.5 min. 
High pressure was applied 1 wk after cheese manufac-
ture, and analyses were performed at 2 wk, and 1, 3, 
and 6 mo. The insoluble calcium content as a percent-
age of total Ca in cheeses were not affected by pressure 
treatment. Pressure applications ≥225 MPa resulted in 
softer cheese texture during ripening. Pressures ≥225 
MPa increased melt, and resulted in higher maximum 
loss tangent values at 2 wk. Pressure treatment had a 
greater effect on cheese microbial and textural proper-
ties than holding time. High-pressure-treated cheeses 
also had higher pH values than the control. We did not 
observe any significant difference in rates of proteolysis 
between treatments. In conclusion, holding times of 
around 5 min and pressures of ≥225 MPa could poten-
tially be used to improve the excessively firm texture of 
reduced-fat cheese. 
  Key words:    high-pressure processing ,  reduced-fat 
cheese ,  insoluble calcium phosphate ,  cheese functional-
ity 

  INTRODUCTION 

  Cheese flavor development is a complex and time-
consuming process that is not fully understood. Pro-
teolysis is one of the most important steps in cheese 
ripening (McSweeney and Sousa, 2000; Sousa et al., 
2001). Several methods have been developed to improve 
cheese flavor development, such as addition of adjunct 
cultures, using modified starters, increased storage tem-
peratures, and the addition of exogenous enzymes (Law, 
2001). Previous studies indicated that the application 
of high hydrostatic pressure (HHP) to cheese can have 
a positive effect on cheese ripening, probably as a result 
of increased starter lysis and the breakage, and only 
partial reforming, of bonds in the protein matrix (Yo-
kohama et al., 1992; Messens et al., 1997). Yokohama et 
al. (1992) claimed that HHP treatment of young cheese 
at 50 MPa for 72 h gave comparable proteolysis rates 
and flavor development to 6-mo-old conventionally aged 
Cheddar cheese. Later, O’Reilly et al. (2000) and Saldo 
et al. (2002) applied similar conditions (50 MPa for 72 
h) to Cheddar and goat milk cheeses, respectively, but 
the increase in the proteolysis was not as significant 
as the rates suggested by Yokohama et al. (1992). An 
increase in the proteolysis rate of Camembert cheese 
(Reps et al., 1998) was observed upon the application 
of 50 MPa for 4 h. Nevertheless, HHP treatment did 
not have any significant influence on the proteolysis of 
Gouda cheese (Reps et al., 1998; Messens et al., 1999). 
Other authors have studied the use of higher pressures 
for shorter times. Saldo et al. (2003) treated goat milk 
cheese at 400 MPa for 5 min and reported that HHP-
treated cheese had twice the levels of total free amino 
acids compared with untreated cheese. However, this 
HHP treatment (400 MPa for 5 min) decreased lipolysis 
in this cheese, which was considered an unfavorable ef-
fect for goat cheese (Saldo et al., 2003). 

  Reducing the fat content of cheese significantly 
changes starter activity, starter lysis, flavor develop-
ment, flavor release, and texture (Bryant et al., 1995; 
Carunchia Whetstine et al., 2006). High hydrostatic 
pressure treatment (100–500 MPa) of half-fat (~15%) 
Cheddar cheese for 2 h resulted in softer cheese texture 
and increased meltability (Johnston et al., 2002). It was 
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also reported that half-fat Cheddar cheese treated at 
200 MPa exhibited the closest textural properties to 
the full-fat control. On the other hand, the application 
of 400 MPa for 5 min to reduced-fat Mozzarella cheese 
did not influence its rheological properties (Sheehan et 
al., 2005).

Conflicting results have emerged from the various 
HHP studies; one issue is the different process con-
ditions used. We therefore wanted to explore a wide 
range of pressures and times to see if we could deter-
mine some suitable conditions to improve the quality of 
reduced-fat Cheddar cheese. We are not aware of any 
studies on the use of HHP to improve the properties 
of cheese around this fat level (~7%). The objective 
of this study was to determine the effect of pressure 
and holding time on the texture and characteristics of 
reduced-fat Cheddar cheese.

MATERIALS AND METHODS

Cheese Manufacture

A licensed Wisconsin cheesemaker manufactured 2 
independent batches of reduced-fat, milled-curd Ched-
dar cheeses at the University of Wisconsin-Madison 
Dairy Plant over a period of 1 yr. Skim milk (0.45 ± 
0.15% fat) was pasteurized at 73°C for 19 s, cooled to 
32.2°C, and preacidified to pH 6.50 with 25% citric acid 
solution. The milk was inoculated with a mesophilic 
mixed-strain starter culture consisting of Lactococcus 
lactis ssp. cremoris and Lactococcus lactis ssp. lactis 
(LL50; DSM Foods, JH Heerlen, the Netherlands), and 
starter adjunct Lactobacillus helveticus (LH-32; Chr. 
Hansen Inc., Milwaukee, WI) at the rate of 381 and 9.5 
g per 1,672 kg of milk, respectively. Cheese milk was 
ripened at 33.3°C for 30 min. Annatto (Cheese Color 
2×; Chr. Hansen Inc.) was added as colorant right after 
starter culture addition at the rate 105 mL per 1,672 
kg of milk. Double-strength chymosin [Chy-Max Extra; 
600 international milk clotting units (IMCU)/mL; Chr. 
Hansen Inc.] was added at the rate of 142 g per 1,672 
kg of milk. The coagulum was cut with 1.9-cm knives 
and the curd was given a 10-min healing time before 
cooking. The temperature of the curd-whey mixture 
was raised from approximately 32 to 34.5°C over 15 
min. The curd was held at 34.5°C for 15 min before 
draining the whey. Curd slabs were cheddared, stacked 
2 high, and milled at a pH of approximately 5.9. The 
curd was rinsed with cold water (~20 L) for 15 s after 
milling. The curd was salted at the rate of 6.3 kg per 
1,672 kg of milk and was packed in 11-kg Wilson-style 
hoops (35 × 28 × 13 cm) and pressed at ambient tem-
perature until the pH reached about 5.4 (~2 h); then, 
cheese blocks were vacuum packaged and aged at 7°C.

HHP Treatment

Cheeses were HHP treated 1 wk after manufacture. 
The conditions used are given in Table 1. The com-
mercial high-pressure unit (Avure Ultra 215 L; Avure 
Technologies Inc., Kent, WA) has a volume of 215 L 
and can process up to 150 kg of product per cycle, de-
pending on product size and packaging. The HHP unit 
can reach pressures of up to 600 MPa, and a complete 
compression/decompression cycle takes 4 to 5 min, 
excluding holding time. The machine reached 48 MPa 
in around 6 s and approximately 400 MPa in around 
100 s. Water was used as the pressure-transfer medium. 
The water temperature of the holding tank of the HHP 
unit was between 7 to 11°C. An untreated cheese block 
was used as a control for each trial.

Sampling and Composition Analyses

In several cheese blocks, we observed acid spot defect 
occurring before the pressure treatment (possibly re-
flecting localized regions where citric acid was added). 
After realizing that the data we obtained from these 
regions were not representative of the remainder of the 
cheese block, we decided to avoid sampling from these 
regions. The data received from these regions were ex-
cluded in our calculations/results.

The cheese milk was analyzed for fat (Mojonnier 
method; AOAC International, 2000), protein (total 
percentage N × 6.38, Kjeldahl method; AOAC Inter-
national, 2000), casein (AOAC International, 2000), 
lactose (AOAC International, 2000), TS (Green and 
Park, 1980), total Ca (Park, 2000), and insoluble cal-
cium (INSOL Ca) by the acid-base titration method 
(Lucey et al., 1993; Hassan et al., 2004). Unacidified 
milk was used to generate rennet whey (Lucey et al., 
1993), which was analyzed for total soluble Ca (Park, 
2000). The cheeses were analyzed at 1 mo for moisture 
(Marshall, 1992), fat (AOAC International, 2000), 
pH using a pH electrode (Sam Gray gold electrode; 
Nelson-Jameson Inc., Marshfield, WI; Marshall, 
1992), protein by the Kjeldahl method (AOAC In-
ternational, 2000), and salt by the chloride electrode 
method (model 926; Corning Glass Works, Medfield, 
MA; Johnson and Olson, 1985); lactose/galactose 
and lactic acid contents were analyzed enzymatically 
(Boehringer Mannheim, 1997; Severn et al., 1986) and 
total Ca content was determined (Park, 2000). Prote-
olysis was monitored with water-soluble N and 12% 
TCA-soluble N (Kuchroo and Fox, 1982). The INSOL 
Ca contents in cheeses were measured at time points 
of 2 wk and 1, 3, and 6 mo. Acid-base titrations of the 
cheeses were performed as described by Lucey et al. 
(1993). The INSOL Ca contents in cheeses were calcu-
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lated by the acid-base titration method as described 
by Hassan et al. (2004).

Rheological Measurements

Dynamic small-amplitude oscillatory rheology was 
used to measure the rheological properties of the 
reduced-fat Cheddar cheese. A Paar Physica UDS 200 
controlled-stress rheometer (Anton Paar, Ashland, VA) 
with 50-mm serrated parallel plate geometry was used 
as described by Lee et al. (2005). Cheese samples that 
were 50 mm in diameter and 3 mm in thickness were 
prepared, and heated from 5 to 85°C at a heating rate 
of 3°C/min. A frequency of 0.08 Hz and a strain of 0.5% 
were applied to measure the storage modulus (G′), loss 
modulus (G″), and loss tangent (LT), which is the ratio 
between the viscous properties and the elastic proper-
ties of the material (LT = G′/G″). The maximum loss 
tangent (LTmax) value observed during heating was 
also recorded.

Microbiological Analysis

The numbers of lactococci starters were measured 
by incubation anaerobically on de Man, Rogosa, and 
Sharpe (MRS) agar at 32°C for 48 h (Wehr and Franks, 
2004) and nonstarter lactobacilli were counted on 
Rogosa SL medium grown anaerobically at 32°C for 
48 to 72 h (Broadbent et al., 2003). The plates were 
incubated longer than usual because pinpoint colonies 
were observed, which were hard to read. This might 
have been due to the processing conditions used, caus-
ing stressed cells and affecting their growth.

Melt Profile Analysis

The UW-MeltProfiler (University of Wisconsin, 
Madison) was used, as described by Muthukumarappan 

et al. (1999), to evaluate melt and flow characteristics 
of cheese samples. Disk-shaped cheese samples (7-mm 
thick and 30 mm in diameter) were prepared and stored 
at 6°C at least 3 h before testing. A thermocouple was 
inserted into the center of the cheese disk held between 
2 lubricated aluminum plates and placed into an oven 
at 72°C (750F Forced Air Oven; Fisher Scientific, 
Pittsburgh, PA). Changes in cheese height and cheese 
temperature were measured for 15 min. Degree of flow 
(DOF) was calculated as the change in height when 
the cheese temperature reached 60°C compared with 
the cheese height at the beginning of the test. Cheese 
samples were analyzed at 2 wk and 1, 3, and 6 mo of 
ripening.

Texture Profile Analysis and Uniaxial Compression

Texture profile analysis (TPA) and uniaxial compres-
sion were measured using a TA.XT2 Texture Analyzer 
(Texture Technologies Corp., Scarsdale, NY). Samples 
were prepared with a cork borer with a diameter of 16 
mm and a height of 17.5 mm. For the TPA test, cheeses 
were compressed by 20% using a 50-mm aluminum cyl-
inder test probe with a cross-head speed of 0.8 mm/s. 
For uniaxial compression, cheeses were compressed by 
80% with the same test probe and cross-head speed as 
for the TPA test. All tests were performed at 5°C and 
replicated at least 5 times.

Fluorescence Microscopy

Micrographs of the reduced-fat Cheddar cheeses were 
obtained using a similar procedure as described by 
Sutheerawattananonda et al. (1997). Cheese samples 
were cut from the center of each cheese block, and sec-
tioned using a sharp razor blade. Cheese sections were 
stained with 0.1% (wt/vol) Nile blue A (Sigma-Aldrich, 
St. Louis, MO) or acridine orange (Sigma-Aldrich) for 1 

Table 1. Values of independent variables of each experiment in coded and actual values for the central 
composite experimental design 

Sample no.

Coded value1 Actual value

Time Pressure Time (min) Pressure (MPa)

1 −1 1 5 350
2 1 −1 17 100
3 1 1 17 350
4 0 +α 11 402
5 +α 0 19.5 225
6 −1 −1 5 100
7 0 0 11 225
8 0 −α 11 48
9 −α 0 2.5 225
10 0 0 11 225
1α = 1.414.
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min and rinsed with milli-Q water (Millipore Corp., Bil-
lerica, MA). The stained sections were held at 4°C and 
analyzed within a day using a fluorescence microscope 
(Axioskop 2 plus; Carl Zeiss AG, Eching, Germany) 
fitted with a 40× objective (Achroplan 40×/0.75; Carl 
Zeiss).

Experimental Design and Statistical Analyses

A central composite rotatable design (Mullen and 
Ennis, 1979) and response surface methodology (Mont-
gomery, 2001) were used to investigate the effects of 
pressure and holding time on the rheological, physical, 
and chemical characteristics of reduced-fat Cheddar 
cheese. A 2-level factorial experimental design was cho-
sen to study the effects of the independent variables 
(pressure and holding time) with 2 star points (α = 
1.414) and 2 replicates of the center point (Table 1). 
Experimental conditions were repeated with 2 indepen-
dent trials. The coded variables were related to the real 
units by Equations 1 and 2:

	 Coded pressure
pressure

=
−( )225

125
;	 [1]

	 Coded time
holding time

=
−( )11

6
.	 [2]

Multiple (stepwise) regression and response surface 
methodology were used to analyze the results (Stat-
graphics version 5.1 plus; Manugistics Inc., Rockville, 
MD). Response variables were estimated by using sec-
ond-order (polynomial) models, which provide a good 
description of the geometric slope of response surfaces. 
Stepwise regression was used to eliminate insignificant 
factors (F-value <4) using backward selection, which 
begins with all of the variables in a model and removes 
them one at a time to simplify the model (Montgomery, 
2001). The Tukey-Kramer test was used to compare 
means, and differences between means were considered 
significant at P < 0.05. Pearson correlation coefficients 
were estimated between various responses (i.e., INSOL 
Ca, 12% TCA-soluble N, water-soluble N, TPA hard-
ness, rheological parameters, and DOF).

RESULTS AND DISCUSSION

Composition and Microbiology

The composition of the cheese was 52.2 ± 0.9% mois-
ture, 7.3 ± 0.2% fat, 32.8 ± 1% protein, and 1.84 ± 
0.24% salt. Considerable variation existed among the 
pH values (5.01–5.28) and residual lactose contents 
(0.22–0.6%) observed in the experimental treatments 

at 1 mo. An increase in pressure resulted in higher pH 
values (Figure 1a), and residual lactose levels (Table 
2), and lower levels of lactic acid (results not shown). 
Linear effect of pressure was the most significant ex-
perimental variable for pH and residual lactose; pres-

Figure 1. Response-surface plots for the effect of pressure and 
holding times on pH values at 1 mo (a), nonstarter lactic acid bacteria 
numbers (cfu/g) at 1 mo (b), and percentage fracture strain at 2 wk 
(c) of age. Color version available in the online PDF.
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sure positively affected both pH and residual lactose 
values (Table 2). Previous studies also indicated that 
HHP application to cheese resulted in higher pH values 
in Cheddar (Rynne et al., 2008), Gouda (Messens et al., 
1999; Messens et al., 2000), Mozzarella (Johnston and 
Darcy, 2000; Sheehan et al., 2005), goat milk (Saldo 
et al., 2000; Saldo et al., 2003), and ewe milk cheese 
(Juan et al., 2007b). Two possible mechanisms could 
explain the high pH values in HHP-treated cheeses; 
HHP could dissociate ionizable groups of protein and 
thus alter pH (Rynne et al., 2008) and (or) inactivate 
the starter bacteria or their glycolytic enzymes before 
complete fermentation of lactose (Malone et al., 2003; 
Rynne et al., 2008). Residual lactose level was higher 
for the application of 225 MPa for 2.5 min (0.42 ± 
0.04%) compared with the control (0.24 ± 0.05%) even 
for this sample that did not exhibit significant micro-
bial reduction (Figure 2) due to HHP. This indicates a 
possible impairment in the glycolytic pathway. Similar 
to our observation, Casal and Gomez (1999) reported 
that HHP affected the acidifying activity of lactococci 
and lactobacilli to a greater extent than their cell vi-
ability. However, we have limited information about the 
biological and enzymatic activity of the viable bacteria 
in our experimental cheese samples.

In our study, viable starter culture numbers decreased 
with HHP (Table 2). A highly significant (R2 = 0.93) 
prediction model was obtained for starter culture num-
bers at 1 mo of ripening. Pressure was the significant 
term in this model, and pressure negatively affected 
starter bacteria numbers. Holding time seemed to have 
only very slight effect on bacterial reduction, which was 

in agreement with the results of Wick et al. (2004). At 
2 wk of ripening, the use of pressures ≤225 MPa did 
not exhibit significant (P > 0.05) reduction in starter 
culture numbers compared with control cheese (Figure 
2a). Previous studies reported that pressures ≥200 MPa 
were required to significantly decrease the viable lactic 
acid starter culture numbers (Casal and Gomez., 1999; 
O’Reilly et al., 2002b; Wick et al., 2004; Moschopoulou 
et al., 2010). The mechanisms by which HHP affects 
microorganisms is not fully understood, but cellular 
membrane damage seems to play a key role in their 
inactivation (Malone et al., 2002; Black et al., 2011). 
Intracellular and cell envelope damage was visible in 
transmission electron microscopy images of Lactococcus 
lactis strains treated by HHP (Malone et al., 2002). 
Martínez-Rodríguez et al. (2012) reported that regard-
less of processing time, a minimum pressure existed that 
had to be overcome for microbial inactivation. Applica-
tion of 225 and 350 MPa for ≥5 min could have been 
enough to damage starter bacteria cells, and possibly 
these cells were no longer viable at 1 mo. Application of 
402 MPa for 11 min resulted in an approximately 2-log 
reduction in the numbers of starter bacteria (Figure 
2a). It was reported that pressures of approximately 
400 MPa resulted in a 1.5- to 3.5-log reduction, depend-
ing on the cheese type and bacterial strain (Casal and 
Gomez, 1999; Saldo et al., 2000; O’Reilly et al., 2002b; 
Juan et al., 2007b; Rynne et al., 2008; Moschopoulou 
et al., 2010). Several studies have reported that an ini-
tial decrease in starter culture numbers immediately 
after HHP could be partially reversed (become viable 
again) during subsequent ripening (Wick et al., 2004; 

Table 2. Second-order polynomial models describing pH at 1 mo, residual lactose content as a percentage of 
total weight at 1 mo, starter bacteria numbers at 1 mo of age, nonstarter lactic acid bacteria (NSLAB) numbers 
at 1 mo, hardness at 2 wk, and strain to fracture at 2 wk1 

Dependent  
variable

Independent  
variable Coefficient

R2  
(adjusted)2 P-value

pH Constant 4.9 0.9 <0.05
Pressure* 0.002
Time2  0.0003

Lactose content Constant 0.007 0.67 <0.05
Pressure 0.004

Starter no. (log) Constant 8.39 0.93 <0.0001
Pressure*** −0.0078

NSLAB no. (log) Constant 5.18 0.90 <0.05
Pressure 0.0067
Pressure*2 −3E-05

Hardness (N) Constant  14.23 0.79 <0.001
Pressure** −0.013

Strain to fracture Constant 58.42 0.94 <0.05
Time × pressure** 0.002
Pressure 0.018

1Only prediction models with R2 (adjusted) >0.5 are shown.
2Coefficient of determination values were adjusted for the degrees of freedom.
P < 0.05; *P < 0.005; **P < 0.001; ***P < 0.0001.
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Figure 2. Starter culture (a) and nonstarter lactic acid bacteria (b) numbers of reduced-fat Cheddar cheeses for control, or cheeses treated 
for 11 min at 48 MPa, 5 min at 100 MPa, 17 min at 100 MPa, 2.5 min at 225 MPa, 11 min at 225 MPa(a), 11 min at 225 MPa(b), 19 min at 
225 MPa, 5 min at 350 MPa, 17 min at 350 MPa, or 11 min at 402 MPa at 2 wk and 1, 3, and 6 mo of ripening at 7°C. *Significantly differ-
ent from control (P < 0.05) at that indicated ripening time point. Values are means of 2 replicates and error bars represent SD. HHP = high 
hydrostatic pressure.
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Moschopoulou et al., 2010; Martínez-Rodríguez et al., 
2012). In our study, we did not observe any significant 
(P > 0.05) increase in starter culture numbers in HHP-
treated cheeses during ripening (Figure 2a).

Application of HHP significantly affected the non-
starter lactic acid bacteria (NSLAB; including non-
starter lactobacilli added as an adjunct) numbers at 
1 mo of ripening (Figure 1b; Table 2). The prediction 
model had a coefficient of determination value of 
0.90. Pressure had a linear (positive) effect as well as 
quadratic (negative) effect on NSLAB numbers. The 
NSLAB appeared to be more resistant to HHP com-
pared with the starter lactococci strains. Casal and 
Gomez (1999) reported a similar trend for the pressure 
resistance for lactobacilli. The viability of lactobacilli 
species inoculated in 10% skim milk was not affected by 
the application of pressures between 100 and 350 MPa. 

For pressures ≤225 MPa applied to cheeses, NSLAB 
numbers did not show a significant (P > 0.05) increase 
from 2 wk to 1 mo, whereas NSLAB numbers increased 
1 log for the control cheese (P < 0.05; Figure 2b). This 
result indicates that pressures of 50 to 225 MPa ini-
tially slowed the development of NSLAB up to 1 mo 
of ripening. Intermediate pressure treatments (e.g., 350 
MPa for 5 or 17 min) and control cheese exhibited simi-
lar NSLAB numbers at 2 wk, but at 1 mo of ripening 
NSLAB numbers were approximately 2-log lower for 
these samples compared with the control. Both starter 
and NSLAB numbers exhibited a decrease from 2 wk 
to 1 mo of ripening with 350 MPa applications, indicat-
ing that 350 MPa did not cause immediate death of 
all pressure-sensitive bacteria in cheese, but it created 
stressed/damaged cells that were unable to recover dur-
ing ripening.

Figure 3. Insoluble calcium, expressed as a percentage of total calcium for reduced-fat Cheddar cheeses for control, or cheeses treated for 11 
min at 48 MPa, 5 min at 100 MPa, 17 min at 100 MPa, 2.5 min at 225 MPa, 11 min at 225 MPa(a), 11 min at 225 MPa(b), 19 min at 225 MPa, 
5 min at 350 MPa, 17 min at 350 MPa, or 11 min at 402 MPa at 2 wk and 1, 3, and 6 mo of ripening at 7°C. Values are means of 2 replicates 
and error bars represent SD. HHP = high hydrostatic pressure.
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Acid-Base Buffering Curves

The INSOL Ca phosphate content plays a key role 
in the functional properties of cheese, such as hard-
ness and meltability (Hassan et al., 2004). We did not 
observe any significant (P > 0.05) difference in INSOL 
Ca levels between HHP-treated cheeses and the control 
cheese during ripening (Figure 3). A slight decrease 
was observed in the INSOL Ca levels in cheeses with 
ripening, as was expected. The INSOL Ca content of 
cheese is reduced in low-pH cheeses (Lee et al., 2005). 
High hydrostatic pressure application resulted in 
cheeses exhibiting higher pH values, but we did not 
observe a parallel increase in the INSOL Ca levels for 
HHP-treated cheeses. Messens et al. (1998) investi-
gated the serum phase of high-pressure-treated brined 
Gouda cheese. They reported that pressure treatment 

of 300 MPa for 4.5 min did not influence the level of 
soluble Ca in cheese serum. Several studies investigated 
the state of Ca in HHP treated milk by analyzing the 
supernatant obtained by ultracentrifugation. Desobry-
Banon et al. (1994) reported that the application of 
HHP to milk resulted in a slight decrease in INSOL 
Ca up to 200 MPa, but a further increase in pressure 
resulted in milk with similar INSOL Ca levels to the 
control. Schrader et al. (1997) observed a reversible 
(with 72 h of storage) solubilization of INSOL Ca with 
the application of 400 MPa for 5 min. On the other 
hand, Law et al. (1998) did not observe any change 
in the state of Ca in goat milk with the application of 
pressures in the range 300 to 500 MPa. They suggested 
that pressure application solubilized INSOL Ca and 
pressure release shifted the calcium equilibrium back 
toward the INSOL phase.

Figure 4. Maximum loss tangent values for reduced-fat Cheddar cheeses from the small-amplitude oscillatory rheology for control, or cheeses 
treated for 11 min at 48 MPa, 5 min at 100 MPa, 17 min at 100 MPa, 2.5 min at 225 MPa, 11 min at 225 MPa(a), 11 min at 225 MPa(b), 19 
min at 225 MPa, 5 min at 350 MPa, 17 min 350 at MPa, or 11 min at 402 MPa at 2 wk and 1, 3, and 6 mo of ripening at 7°C. Some samples 
are not shown because we observed acid spots in these cheeses. *Significantly different from control (P < 0.05) at that indicated ripening time 
point. Values are means of 2 replicates and error bars represent SD. HHP = high hydrostatic pressure.
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Rheological Properties and Meltability

The LTmax values for all cheeses increased during 
ripening (Figure 4). The LTmax values of cheeses are 
used as an index of meltability. At 2 wk of ripening, 
the HHP applied cheeses exhibited higher LTmax val-
ues than the control (Figure 4). The DOF values of 
cheeses are shown in Figure 5. All cheeses exhibited 
an increase in the DOF (melt) during ripening. At 2 
wk of ripening, several HHP treatments exhibited sig-
nificantly (P < 0.05) higher DOF than the control. At 
1 mo of ripening, all HHP-treated and control cheeses 
exhibited similar DOF and LTmax values. Various 
types of casein interactions in the cheese network de-
termine its rheological and melting properties (Lucey 
et al., 2003). We did not observe any significant (P > 
0.05) change in the state of Ca between HHP-treated 

cheeses and the control (Figure 3), indicating that 
other changes in casein-casein interactions contributed 
to the observed differences in rheological and melt 
properties shortly after HHP application. Messens et 
al. (2000) reported that the application of HHP to 
cheese created a more fluid-like structure immediately 
after pressure processing, and increased the LTmax 
values in Gouda cheese. In agreement with our study, 
differences in the rheological properties between HHP-
treated Gouda cheese and the control became smaller 
during ripening (42 d; Messens et al., 2000). Messens et 
al. (2000) indicated that HHP decreased hydrophobic 
interactions between caseins immediately after pres-
sure processing. O’Reilly et al. (2002a) and Johnston 
and Darcy (2000) indicated that HHP-induced protein 
hydration was responsible for the increase in melt 
flow and LTmax after HHP treatment. By 1 mo of 

Figure 5. Degree of flow at 60°C [changes in cheese height as a percentage of the original height from the UW - MeltProfiler (University 
of Wisconsin, Madison)] for reduced-fat Cheddar cheeses for control, or cheeses treated for 11 min at 48 MPa, 5 min at 100 MPa, 17 min at 
100 MPa, 2.5 min at 225 MPa, 11 min at 225 MPa(a), 11 min at 225 MPa(b), 19 min at 225 MPa, 5 min at 350 MPa, 17 min at 350 MPa, or 
11 min at 402 MPa, at 2 wk, 1, 3, and 6 mo of ripening at 7°C. Some samples are not shown because we observed acid spots in these cheeses. 
*Significantly different from control (P < 0.05) at that indicated ripening time point. Values are means of 2 replicates and error bars represent 
SD. HHP = high hydrostatic pressure.
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ripening, age-related changes (e.g., proteolysis) had a 
greater influence on rheological properties during the 
rest of the ripening period.

Textural Properties

An increase in HHP decreased cheese hardness 
(Table 2; Figure 6). Significant prediction models were 
obtained for TPA hardness (obtained from 20% com-
pression of cheese cylinders) during ripening. Pressure 
was the only significant term, and it negatively affected 
hardness values. We did not observe any significant 
difference (P > 0.05) between the control and cheeses 
treated at pressures ≤100 MPa. O’Reilly et al. (2000) 
reported that Cheddar cheeses became softer after 
HHP application of 50 MPa, but their holding times (3 
d) were much longer than our study. Cheeses treated 

with pressures ≥225 MPa remained softer than the con-
trol cheese during the entire ripening period (Figure 6). 
Uniaxial compression (obtained from 80% compression 
of cheese) profiles are shown in Figure 7. Application 
of HHP significantly increased the strain to fracture 
(Figure 1c; Table 2), indicating that these cheeses ex-
hibited fracture at higher strains or did not fracture 
at all (Figure 7d). Similar observations were reported 
by Messens et al. (2000), who found that treatment of 
Gouda cheese at 225 and 400 MPa resulted in cheese 
that exhibited lower firmness and no visible fracture. 
Johnston et al. (2002) observed softening in half-fat 
(15% fat) Cheddar cheese with the application of HHP 
100 to 500 MPa for 2 h. They attributed the HHP-
induced reduction in firmness to a change in the state 
of water and a decrease in serum filled pores in the 
protein network.

Figure 6. Hardness (N) from texture profile analysis testing (20% compression of cheese cylinders to original height) for reduced-fat Cheddar 
cheeses for control, or cheeses treated for 11 min at 48 MPa, 5 min at 100 MPa, 17 min at 100 MPa, 2.5 min at 225 MPa, 11 min at 225 MPa(a), 
11 min at 225 MPa(b), 19 min at 225 MPa, 5 min at 350 MPa, 17 min at 350 MPa, or 11 min at 402 MPa at 2 wk and 1, 3, and 6 mo of ripen-
ing at 7°C. *Significantly different from control (P < 0.05) at that indicated ripening time point. Values are means of 2 replicates and error bars 
represent SD. HHP = high hydrostatic pressure.
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Fluorescence Microscopy

Confocal laser scanning microscopy images demon-
strated that large fat droplets finely dispersed into the 
cheese matrix with HHP treatment (Figure 8). Large 
fat droplets became less visible or less distinct with an 
increase in pressure. The lowest pressure application 
(48 MPa for 11 min) had smaller fat droplets (Figure 
8b) compared with the control (Figure 8a). Fat droplets 
were hardly visible at medium (225 MPa for 11 min; 
Figure 8c) or the highest pressure applications (402 
MPa for 11 min; Figure 8d). The HHP treatment could 
have disrupted small fat droplets and dispersed the 
fat throughout the protein matrix; thereby, individual 
large fat droplets became less visible with an increase 
in pressure. O’Reilly et al. (2000) did not observe gross 
structural changes in Cheddar cheese by using confocal 
laser scanning microscopy with the application of 50 
MPa for 70 h. Johnston and Darcy (2000) reported that 
fat globules and water channels in the protein matrix of 
young Mozzarella cheese almost disappeared with HHP 
application of 200 MPa for 60 min. Other researchers 
also reported that pressures ≥350 MPa to Mozzarella 
cheese resulted in a more continuous and homogeneous 
protein matrix and reduced the size of fat-serum chan-
nels (O’Reilly et al., 2002a; Sheehan et al., 2005).

Proteolysis and Informal Sensory Evaluation

We did not observe any significant (P > 0.05) dif-
ference in water-soluble N (Figure 9a) or TCA-soluble 
N (Figure 9b) levels between HHP-treated cheeses and 
control cheese during the 6 mo of ripening. O’Reilly 
et al. (2000) and Yokohama et al. (1992) reported an 
increased proteolysis rate in Cheddar cheese with the 
application of 50 MPa for 3 d. However, both of these 
groups applied significantly longer holding times (3 d) 
compared with our study. O’Reilly et al. (2003) studied 
the effect of various pressures (70–400 MPa) and hold-
ing times (3–81 h) on Cheddar cheese. They reported 
that the application of pressures <150 MPa resulted in 
the highest levels of pH 4.6-soluble N and long (50–70 h) 
holding times further increased pH 4.6-soluble N levels. 
However, they did not explain why longer holding times 
increased proteolysis rates. Messens et al. (1999) did 
not observe changes in the proteolysis rates in Gouda 
cheese compared with the untreated control when ap-
plying similar pressures and holding times (50–400 
MPa, 20–100 min) as were performed in our study.

Informal sensory grading was conducted by 4 expert 
cheese graders, who indicated that HHP treatment 
altered the sensory properties of cheese. Several condi-
tions (100 MPa for 5 and 17 min, 225 MPa for 2.5 min, 

Figure 7. Uniaxial compression (compression by 80%) curves for control (panel a), cheeses treated for 11 min at 48 MPa (panel b), 11 min 
at 225 MPa(a) (panel c), or 11 min at 402 MPa (panel d). Reduced-fat Cheddar cheeses were tested at 2 wk of age. 
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and 350 MPa for 5 min) applied to cheeses received 
promising sensory comments. An increase in pressure 
up to 350 MPa increased the buttery and sweet notes 
up until 3 mo of ripening. Several mechanisms could be 
responsible for the possible changes in the sensory char-
acteristics of experimental cheeses: more dispersed state 
of fat, impaired acid development, and greater release 
of intracellular enzymes into the protein matrix. The 
higher pH and residual lactose levels of HHP-treated 
cheeses could have contributed to the sweet notes.

CONCLUSIONS

Application of HHP significantly affected the texture 
and microflora of reduced-fat Cheddar cheese. In gen-

eral, pressure exhibited greater effect on the textural 
and microbiological attributes compared with holding 
time. We did not observe any significant difference in 
proteolysis rates between HHP-treated cheeses and 
control cheese at any time of ripening. Pressure ap-
plications ≥225 MPa resulted in softer cheese texture 
and increased melting; thus, high firmness and lower 
melting characteristics of reduced-fat cheeses could be 
improved by HHP treatment. High pressure did not al-
ter the levels of INSOL Ca phosphate; it is still possible 
that some INSOL Ca phosphate crosslinks between pro-
teins may have solubilized during the HHP application 
but the overall levels of INSOL Ca phosphate in cheeses 
were similar after pressure release. Pressure processing 
resulted in smaller fat droplets and a more continuous 

Figure 8. Fluorescence micrographs showing fat droplets as dark areas against a light (green) background (protein) for control (a), or cheeses 
treated for 11 min at 48 MPa (b), 11 min at 225 MPa(a) (c), or 11 min at 402 MPa (d). Reduced-fat Cheddar cheese samples were at 3 wk of 
age. Color version available in the online PDF.
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Figure 9. Water-soluble N (a) and 12% TCA-soluble N (b) levels, expressed as a percentage of total N for reduced-fat Cheddar cheeses for 
control, or cheeses treated for 11 min at 48 MPa, 5 min at 100 MPa, 17 min at 100 MPa, 2.5 min at 225 MPa, 11 min at 225 MPa(a), 11 min 
at 225 MPa(b), 19 min at 225 MPa, 5 min at 350 MPa, 17 min at 350 MPa, or 11 min at 402 MPa at 2 wk and 1, 3, and 6 mo of ripening at 
7°C. Values are means of 2 replicates and error bars represent SD. HHP = high hydrostatic pressure.
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protein network. Disruptions to protein-protein interac-
tions (e.g., hydrophobic interactions), altered protein-
water interactions (protein hydration), or physical 
disruption to the matrix were probably responsible for 
the altered cheese texture and rheological properties. 
High hydrostatic pressure appears to be promising to 
improve texture and flavor of reduced-fat cheese.
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