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ABSTRACT

Lactobacillus delbrueckii ssp. bulgaricus, Streptococcus
salivarius ssp. thermophilus, and Lactobacillus acidophi-
lus are dairy cultures widely used in the manufacture of
cultured dairy products. Commonly used homogeniza-
tion pressures in the dairy industry are 13.80 MPa or
less. It is not known whether low homogenization pres-
sures can stimulate bacteria to improve their probiotic
characteristics. Objectives were to determine the effect
of homogenization at 0, 3.45, 6.90, 10.34, and 13.80
MPa on acid tolerance, bile tolerance, protease activity,
and growth of L. delbrueckii ssp. bulgaricus LB-12, S.
salivarius ssp. thermophilus ST-Mb, and L. acidophilus
LA-K. The cultures were individually inoculated in cool
autoclaved skim milk (4°C) and homogenized for 5 con-
tinuous passes. Growth and bile tolerance of samples
were determined hourly for 10 h of incubation. Acid
tolerance was determined every 20 min for 120 min
of incubation. Protease activity was determined at 0,
12, and 24 h of incubation. All homogenization pres-
sures studied improved acid tolerance of L. delbrueckii
ssp. bulgaricus LB-12 but had no beneficial effect on
protease activity and had negative effects on growth
and bile tolerance. A pressure of 6.90 MPa improved
acid tolerance, bile tolerance, and protease activity of
S. salivarius ssp. thermophilus ST-Mb, but none of the
homogenization pressures studied had an effect on its
growth. Homogenization pressures of 13.80 and 6.90
MPa improved acid tolerance and bile tolerance, re-
spectively, of L. acidophilus LA-K but had no effect on
protease activity and its growth. Some low homogeni-
zation pressures positively influenced some characteris-
tics of yogurt culture bacteria and L. acidophilus LA-K.
Culture pretreatment with some low homogenization
pressures can be recommended for improvement of cer-
tain probiotic characteristics.
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INTRODUCTION

Lactobacillus bulgaricus and Streptococcus thermophi-
lus are 2 microorganisms required in yogurt manufac-
ture according to the definition of yogurt (FDA-DHHS,
2009). Several studies reported yogurt cultures and
Lactobacillus acidophilus to be probiotics (Guarner et
al., 2005; Scholz-Ahrens et al., 2007; Mohammadi and
Mortazavian, 2011). Lactobacillus acidophilus is widely
used as an adjunct culture in approximately 80% of
the yogurts being manufactured in the United States
(Hutkins, 2006). Heller (2006) reported a 3% increase
in sales of cultured dairy products in the United States
from 2004 to 2005, generating $9.7 billion in 2005, of
which 50% ($4.9 billion) was contributed by sale of
yogurt. Dairy Facts (2009) reported a 3.44% increase in
sales of yogurt from 2007 to 2008. Granato et al. (2010)
and Chandan (1999) explained that the consumption
of yogurt was enhanced mainly because of its nutri-
tional value and the beneficial health effects of yogurt
cultures.

One of the basic requirements for a culture to be
called probiotic is the ability to survive acid and bile
conditions in the gastrointestinal tract (Dunne et al.,
2001). Acid tolerance of a microorganism has been
described as the ability to survive during the passage
(transit time of 30-120 min, depending on the type
of strain) through the low pH (1.5-3) of the stomach
(Lankaputhra and Shah, 1995). Bile tolerance of a
microorganism has been described as the ability to
survive during the transit time (<3 h, depending on
the type of strain) through the high concentration of
bile acids (<1.5% wt/vol) in the small intestine and its
subsequent colonization in the colon (Lankaputhra and
Shah, 1995). Maintaining the functionality of bacterial
cultures under gastrointestinal tract conditions (acid
and bile) has been one of the major challenges in devel-
oping probiotic products (Sandholm et al., 2002).

Protease activity and growth of cultures are impor-
tant characteristics that affect the texture, taste, and
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shelf life of cultured dairy products (Soda, 1991). The
enzymes present in the intracellular components of bac-
teria are crucial in the proteolysis reaction in fermented
products (Gatti et al., 2004). Breakdown or disruption
of the cell wall of the bacteria is an essential step to
release protease enzymes (Wilkinson and Kilcawley,
2005). Growth and protease activity of dairy cultures
are affected during processing and storage of foods
due to high temperatures, high pH, and high osmotic
pressures (Gardiner et al., 2000; Prasad et al., 2003;
Talwalkar and Kailasapathy, 2003).

Homogenization is a fluid mechanical process that in-
volves the breakup of particles or droplets into micron
sizes and the creation of a stable dispersion or emulsion
(Diels and Michiels, 2006). Three main mechanisms
by which homogenization pressure exerts its action on
fluid have been described; namely, turbulence (Doulah
and Hammond, 1975), cavitation (Deshimaru, 1994),
and impingement (Kleinig and Middelberg, 1996). Ho-
mogenization causes various changes in the cell wall of
microorganisms, leading to changes such as proteolysis,
lipolysis, and glycolysis (Gatti et al., 2004; Vannini et
al., 2004; Lanciotti et al., 2007).

Several factors influence microbial growth with ho-
mogenization: temperature (Floury et al., 2000), type
of bacteria (gram-positive or gram-negative; Vachon et
al., 2002), number of homogenization passes (Bevilac-
qua et al., 2009), composition of the medium (Kheadr
et al., 2002), and homogenization pressure. Homogeni-
zation pressures of 13.80 MPa or less are commonly
used in dairy processing (Pandolfe, 1982).

Homogenization pressure is defined as the overall ef-
fect of compression in the intensifier (homogenizer) and
the flow through the fittings and piping of the system
that would lead to an effective stress on a microbial
population (Donsi et al., 2009). Bevilacqua et al. (2009)
reported an increase in the log reduction of lactic acid
bacteria (Lactobacillus plantarum, Lactobacillus brevis,
and Bifidobacterium coagulans) from 0.7 to 2.4 log cfu/
mL by increasing the pressure from 50 to 150 MPa.
Recently, Donsi et al. (2009) reported that inactiva-
tion of Escherichia coli increased from 1 to 5 log cycles
upon increasing the homogenization pressure from 100
to 300 MPa. Coskun (2006) reported that mesophilic
lactic acid bacteria (Lactococcus lactis ssp. lactis and
Lactococcus lactis ssp. cremoris) homogenized at 30
MPa exhibited higher proteolysis than thermophilic
lactic acid bacteria (L. delbrueckii ssp. bulgaricus and
S. thermophilus) homogenized at the same pressure.

Depending on the range of pressures applied, homog-
enization can be broadly classified into high and low
homogenization pressures. Pressures >50 MPa are gen-
erally considered as high pressure (Vachon et al., 2002;
Vannini et al., 2004; Diels and Michiels, 2006). Several
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previous studies (Lanciotti et al., 1996; Vannini et al.,
2004; Brinez et al., 2006; Diels and Michiels, 2006) have
shown the effect of high homogenization pressures on
the growth of pathogens and spoilage microorganisms,
but information about low homogenization pressures
(<13.80 MPa) on bacterial probiotic characteristics is
lacking. The hypothesis was that commonly used low
homogenization pressures could stimulate bacteria to
improve their probiotic characteristics. The objectives
were to determine the effect of 0, 3.45, 6.90, 10.34, and
13.80 MPa on acid tolerance, bile tolerance, protease
activity, and growth of L. delbrueckii ssp. bulgaricus
LB-12, S. salivarius ssp. thermophilus ST-M5, and L.
acidophilus LA-K.

MATERIALS AND METHODS
Experimental Design

Skim milk was sterilized by autoclaving at 121°C for
15 min. This sterile milk was cooled to 4°C and individ-
ually inoculated with 0.1% (vol/vol) L. delbrueckii ssp.
bulgaricus LB-12 (hereafter LB-12), S. salivarius ssp.
thermophilus ST-M5 (hereafter ST-MS5), or L. acidoph-
ilus LA-K (hereafter LA-K; Chr. Hansen Laboratory,
Milwaukee, WI). The treatments were homogenization
pressures of 3.45, 6.90, 10.34, and 13.80 MPa. The con-
trol was the sample passed through homogenizer at 0
MPa. The homogenization pressures were randomized
for all 3 replications.

The control and the treated (homogenized) samples
were tested for acid tolerance, bile tolerance, protease
activity, and growth. Growth was determined by plat-
ing the homogenized cultures every hour for 10 h. Bile
tolerance of the cultures was determined by growing
the homogenized cultures in presence of bile and plat-
ing every hour for 10 h. Acid tolerance was determined
by inoculating the homogenized cultures into acidified
broth and plating every 20 min up to 120 min. Protease
activity of the homogenized cultures was determined by
measuring optical density (absorbance value) at 0, 12,
and 24 h of incubation of the samples. Three replica-
tions were conducted with replications as blocks. The
experiment was conducted as a completely randomized
block design with repeated measurements.

Homogenizer

A Gaulin homogenizer (Manton-Gaulin Manufac-
turing Company Inc., Everett, MA) was used for the
experiment. The Gaulin homogenizer is a 2-stage ho-
mogenizer. The first stage breaks up the fat globules
into smaller particles and the second stage prevents
the coalescence of the broken fat globules (Middelberg,
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1995). In the present experiment, only the first stage
was used for all the pressures applied on the samples to
maintain a simple experimental design and to avoid the
combined effect of 2-stage homogenization.

A soap solution was run through the homogenizer
for 30 min. Four hundred milliliters of active chlorine
(3,333 ppm) in 10 L of water was passed through the
homogenizer for 2 min. Hot autoclaved water was
passed through the sanitized homogenizer, followed by
passage of cooled autoclaved water, which was collected
and serially diluted and plated using Lactobacilli MRS
agar (Fisher Scientific, Fair Lawn, NJ) and Aerobic
Count Plate Petrifilm (3M Microbiology Products, St.
Paul, MN) individually. The MRS Petri plates were
incubated anaerobically for 72 h at 43°C (Simova et
al., 2006) and Aerobic Count Plate Petrifilms were in-
cubated aerobically at 32°C for 48 h and colonies were
counted (Champagne et al., 2009). Counts were zero,
indicating that the sanitization method successfully
sterilized the homogenizer.

Preparation of Media

S. thermophilus Agar. The S. thermophilus (ST)
agar was prepared according to the method described
by Dave and Shah (1996). Ten grams of Bacto tryp-
tone (Difco, Becton-Dickinson and Co., Sparks, MD),
10 g of sucrose (Amresco, Solon, OH), 5 g of Bacto
yeast extract (Difco), and 2 g of dipotassium phosphate
(K,HPO,; Fisher Scientific) were dissolved in 1 L of
distilled water. The pH of the resulting mixture was
adjusted to 6.8 £ 0.1 using 1 M HCI. Six milliliters of
0.5% bromocresol purple (Fisher Scientific) and 12 g of
agar (Fisher Scientific) were added to the medium. The
medium was boiled and sterilized at 121°C for 15 min.

Lactobacilli MRS Agar and pH-Modified MRS
Agar (pH 5.2). Fifty-five grams of de Man, Rogosa,
and Sharpe (MRS) broth (Difco) and 15 g of agar
(Fisher Scientific) were dissolved in 1 L of distilled
water, boiled, and sterilized at 121°C for 15 min (Dave
and Shah, 1996). The pH of MRS agar (Difco) was
adjusted to 5.2 using 1 M HCI1 (Dave and Shah, 1996).

Analytical Procedures

Acid Tolerance. The acid tolerance of the 3 cul-
tures was determined by using the method proposed by
Pereira and Gibson (2002) with slight modifications.
The control and homogenized samples were inoculated
into acidified MRS broth (Difco) previously adjusted
to pH 2 using 1 M HCI. The inoculated acidified MRS
broth was incubated at 37°C for LA-K, 43°C for LB-
12, and 37°C for ST-M5 for 120 min. One milliliter of
the inoculated broth was serially diluted in peptone
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water (0.1% wt/vol) and pour-plated every 20 min for
120 min. The cultures LA-K, LB-12, and ST-M5 were
enumerated using Lactobacilli MRS agar, pH-modified
Lactobacilli MRS agar, and ST agar, respectively (Dave
and Shah 1996). The Petri plates were incubated an-
aerobically at 37°C for 72 h for LA-K, anaerobically at
43°C for 72 h for LB-12, and aerobically at 37°C for 24
h for ST-M5. After the incubation period, the colonies
were counted.

Bile Tolerance. Bile tolerance was determined ac-
cording to method proposed by Pereira and Gibson
(2002) with slight modifications. The bile tolerance of
the 3 cultures was analyzed in MRS-Thio broth: MRS
broth supplemented with 0.3% (wt/vol) Oxgall (bovine
bile; US Biological, Swampscott, MA) and 0.2% (wt/
vol) sodium thioglycolate (Acros Organics, Fair Lawn,
NJ). Oxgall was added to test bile tolerance of the bac-
teria and sodium thioglycolate was used in the broth as
an oxygen scavenger. The MRS-Thio broth was inocu-
lated at 10% (vol/vol) with control and homogenized
cultures separately and incubated at 37°C for LA-K,
43°C for LB-12, and 37°C for ST-M5 for 10 h. Each
hour for 10 h, 1 mL of the inoculated broth was serially
diluted into peptone water (0.1% wt/vol) and pour-
plated. The cultures LA-K, LB-12, and ST-M5 were
enumerated using Lactobacilli MRS agar, pH-modified
Lactobacilli MRS agar, and ST agar, respectively (Dave
and Shah, 1996). The plates were incubated anaerobi-
cally at 37°C for 72 h for LA-K, anaerobically at 43°C
for 72 h for LB-12, and aerobically at 37°C for 24 h for
ST-M5. After the incubation period, the colonies were
counted.

Protease Activity. The protease activity of 3 cul-
tures was determined by o-phthaldialdehyde (OPA)
spectrophotometric method proposed by Oberg et al.
(1991) with slight modification. The modifications were
use of fluid skim milk instead of reconstituted NDM
and running the sample immediately after preparation
without prior freezing at —70°C. The control and ho-
mogenized samples were incubated at 40°C for 0, 12,
and 24 h. After incubation, 2.5 mL from each sample
was mixed with 1 mL of distilled water individually and
was transferred into each of the test tubes containing
5 mL of 0.75 N TCA (Fisher Scientific) and the test
tubes were vortexed. After sitting at room temperature
for 10 min, the acidified samples were filtered through
a Whatman no. 2 filter paper (Clifton, NJ). Duplicate
aliquots from each TCA filtrate were analyzed by the
OPA procedure using a spectrophotometer (Nicolet
Evolution 100, Thermo Scientific, Madison, WT). The
OPA final solution was prepared by combining 25 mL
of 100 mM sodium borate (Fisher Scientific), 2.5 mL
of 20% (wt/wt) SDS (Fisher Scientific), 40 mg of OPA
reagent (Alfa Aesar, Ward Hill, MA) dissolved in 1
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mL of methanol (Sigma, St. Louis, MO) and 100 pL
of B-mercaptoethanol (Sigma), and diluting to a final
volume of 50 mL with distilled water. One hundred fifty
microliters of each TCA filtrate was mixed with 3 mL
of OPA reagent in a 3-mL cuvette, and the absorbance
at 340 nm was read. Absorbance of the OPA final
solution with the noninoculated sterile skim milk was
subtracted from each sample reading. The OPA reagent
was used as a blank to calibrate the spectrophotometer.

Growth. Growth of LB-12, ST-M5, and LA-K
was determined by the method proposed by Lin and
Young (2000) with slight modifications. Control and
homogenized samples were inoculated at 10% (vol/vol)
separately into MRS broth, which was previously auto-
claved at 121°C for 15 min with pH 6.5 4+ 0.2. The in-
oculated broths were incubated at 37°C for LA-K, 43°C
for LB-12, and 37°C for ST-M5 for 10 h. Each hour for
10 h, 1 mL of the inoculated broth was serially diluted
in peptone water (0.1% wt/vol) and pour-plated. The
cultures LA-K, LB-12, and ST-M5 were enumerated
using Lactobacilli MRS agar, pH-modified Lactobacilli
MRS agar, and ST agar, respectively (Dave and Shah,
1996). The plates were incubated anaerobically at 37°C
for 72 h for LA-K, anaerobically at 43°C for 72 h for
LB-12, and aerobically at 37°C for 24 h for ST-M5.
After the incubation period, the colonies were counted.

Statistical Analysis

Data were analyzed using Proc Mixed of SAS (SAS
Institute, 2003). The homogenization pressure treat-
ments were compared among each other and with the
control (0 MPa). Differences of least squares means
were used to determine significant differences at P <
0.05 for main effect (homogenization pressure) and
interaction effect (homogenization pressure X time).
Data are presented as mean =+ standard error of the
means. Significant differences were determined at «
= 0.05. Significant differences (P < 0.05) among the
homogenization pressures (3.45, 6.90, 10.34, and 13.80
MPa) and the control (0 MPa) were analyzed using
Tukey’s adjustment.

RESULTS AND DISCUSSION
Acid Tolerance

L. delbrueckit ssp. bulgaricus LB-12. The viabil-
ity of LB-12 subjected to different low homogenization
pressures when incubated in acid conditions is presented
in Figure 1A. A significant (P < 0.05) interaction was
observed between the homogenization pressures and
time (min; Table 1). In the control group, a significant
(P < 0.05) decrease occurred in viable counts every
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20 min, and the viable count was zero after 60 min of
incubation (Figure 1A). In general, the viable counts of
LB-12 subjected to various pressures were significantly
(P < 0.05) higher in every 20-min interval of incubation
compared with the control, and this trend was observed
throughout 120 min of incubation (Table 2). More im-
portantly, LB-12 subjected to pressures of 13.80 and
10.34 MPa exhibited almost no decline in viable counts
throughout 120 min of incubation period (Figure 1A).

Homogenization pressures had a significant (P <
0.05) effect on acid tolerance of LB-12 (Table 1). The
acid tolerance of LB-12 subjected to pressures of 3.45,
6.90, 10.34 and 13.80 MPa was significantly (P < 0.05)
higher than that of the control (0 MPa; Table 3). A
significant (P < 0.05) difference existed among acid tol-
erances of LB-12 subjected to various homogenization
pressures (Table 3). The acid tolerance of the control
(0 MPa) was the lowest (P < 0.05), and that subjected
to 13.80 MPa was the highest (P < 0.05), followed by
those exposed to 10.34, 3.45, and 6.90 MPa. The LB-
12 homogenized at 10.34 MPa was found to exhibit
significantly (P < 0.05) higher acid tolerance compared
with that at 6.90 MPa.

S. salivarius ssp. thermophilus ST-M5. The acid
tolerance of ST-M5 (expressed as log cfu/mL) at dif-
ferent homogenization pressures is shown in Figure 1B.
The interaction between homogenization pressures and
time (min) was not significant (P > 0.05; Table 1), but
homogenization pressure had a significant (P < 0.05)
effect (Table 1). Acid tolerance of ST-M5 subjected to
different homogenization pressures was significantly (P
< 0.05) higher than the control (Table 3). Acid toler-
ance of ST-M5 subjected to 3.45 MPa was higher (P <
0.05) than that subjected to 6.90 MPa (Table 3). The
homogenized culture subjected to different pressures
exhibited viable counts after 120 min of incubation in
acid conditions (Figure 1B). The acid tolerance of ST-
M5 subjected to 3.45 MPa was higher (P < 0.05) than
that at 6.90 MPa but not different from that at 10.34
and 13.80 MPa. The acid tolerance of control (0 MPa)
was the lowest (P < 0.05).

L. acidophilus LA-K. The acid tolerance of LA-K
(expressed as log cfu/mL) at different homogenization
pressures is shown in Figure 1C. The interaction be-
tween homogenization pressures and time (min) was
not significant (P > 0.05), but homogenization pressure
had a significant effect (P < 0.05) on acid tolerance
(Table 1). The acid tolerance of LA-K subjected to
homogenization pressure of 13.80 MPa was the highest
(P < 0.05) (Table 3). The acid tolerance of LA-K sub-
jected to homogenization pressure of 10.34 MPa was
significantly (P < 0.05) higher than that at 6.90, 3.45
or 0 MPa, which were not significantly different from
each other. Homogenized cultures of LA-K subjected to
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Figure 1. Acid tolerance of homogenized cultures of Lactobacillus delbrueckii ssp. bulgaricus LB-12, Streptococcus salivarius ssp. thermophilus

ST-Mb5, and Lactobacillus acidophilus LA-K at different pressures.

different pressures, as well as the control, were acid tol-
erant until the end of the 120 min of incubation in acid
conditions; however, a significant (P < 0.05) decrease
in viable counts was observed after each incubation
time interval of 20 min.

Acid tolerance is strain-dependent (Tuomola et al.,
2001); Liong and Shah (2005) observed that L. aci-
dophilus exhibited more acid tolerance than Lactoba-
cillus casei. They reported that L. acidophilus counts
decreased by 1.72 log cycles when incubated at pH 2 for
120 min, whereas, L. casei counts decreased by 3.04 log
cycles. Mean log reductions of the viable counts of the
homogenized cultures obtained by subtracting counts

at 0 min from 120 min for pH 2 at different homogeni-
zation pressures are reported in Table 4. In Table 4,
a higher negative number means high bacterial death
and lower negative number means low bacterial death.
Comparing the viability of the bacteria from 0 to 13.80
MPa for L. acidophilus indicates a decrease in viability
(—3.87 to —4.21), for L. delbrueckii ssp. bulgaricus an
increase in viability (—6.52 to —1.60), and for S. ther-
mophilus an increase in viability (—10.25 to —4.29).
These findings indicate that increase in homogenization
pressure from 0 to 13.80 MPa resulted in increased acid
tolerance of the yogurt cultures (LB-12 and ST-M5).
Coskun (2006) found that homogenization of lactic acid
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Table 1. The P-value > F-value of homogenization pressure, time, and their interaction for acid tolerance,
bile tolerance, protease activity, and growth of Lactobacillus delbrueckii ssp. bulgaricus LB-12, Streptococcus
salivarius ssp. thermophilus ST-Mb, and Lactobacillus acidophilus LA-K

L. delbrueckii ssp.

bulgaricus S. thermophilus L. acidophilus
Effect LB-12 ST-M5 LA-K
Acid tolerance
Pressure <0.0001 <0.0001 0.0117
Time <0.0001 <0.0001 <0.0001
Pressure x time <0.0001 0.4497 0.7587
Bile tolerance
Pressure <0.0001 0.0007 0.0085
Time <0.0001 <0.0001 <0.0001
Pressure x time 0.7941 0.8608 0.2665
Protease activity
Pressure 0.4339 0.0004 0.333
Time <0.0001 0.0004 <0.0001
Pressure x time 0.7139 0.3871 0.4436
Growth
Pressure <0.0001 0.2186 0.3334
Time 0.0292 <0.0001 <0.0001
Pressure x time 0.9296 0.6221 0.2758

bacterial cultures (Lactococcus lactis ssp. lactis, Lacto-
coccus lactis ssp. cremoris, L. delbrueckii ssp. bulgari-
cus, S. thermophilus, and Lactobacillus helveticus) to a
high pressure of 30 MPa decreased the acid production
of the cultures because of cell damage.

Shah and Jelen (1990) reported that at pH 1.5, L.
delbrueckii ssp. bulgaricus and L. acidophilus proved
to be more acid resistant than S. thermophilus strains.
Dunne et al. (2001) reported that L. acidophilus was
more acid resistant at pH values of 1.2 and 2.5 for
30 min compared with Bifidobacterium spp., which did
not tolerate acid conditions after 5 min. In our study,
LA-K and LB-12 were found to be more acid tolerant
than ST-M5 at 0 MPa, as indicated by log difference
values of —3.87, —6.52, and —10.25 log cfu/mL, respec-
tively (Table 4). Moreover, LB-12 exhibited better acid
tolerance than LA-K and ST-M5 after homogenization
at 13.80 MPa, as indicated by log difference values of
—1.60, —4.21, and —4.29 log cfu/mL, respectively.

Bile Tolerance

L. delbrueckii ssp. bulgaricus LB-12. Bile toler-
ance of LB-12 (expressed as log cfu/mL) at different
homogenization pressures is shown in Figure 2A. The

interaction between homogenization pressures and time
was not significant (P > 0.05) (Table 1), but homog-
enization pressure had a significant (P < 0.0001) effect
on bile tolerance of LB-12 (Table 1). The bile tolerance
of LB-12 at 0 MPa was significantly (P < 0.05) higher
than that of cultures subjected to different homogeni-
zation pressures (Table 3). The bile tolerance of LB-12
subjected to 3.45 and 6.90 MPa was significantly (P <
0.05) higher than that subjected to 13.80 MPa (Table
3). Strain LB-12 was found to be bile tolerant through-
out 10 h of incubation in bile conditions (Figure 2A).
However, LB-12 subjected to low homogenization pres-
sures, including 0 MPa, exhibited a decline in viable
counts at the end of 10 h of incubation (Table 4). The
bile tolerance of LB-12 at 0 MPa was the highest (P <
0.05) followed by LB-12 at 6.90, 3.45, 10.34, and 13.80
MPa (Table 3). The bile tolerance of LB-12 subjected
to 13.80 MPa was significantly (P < 0.05) lower than
that of 0, 3.45, and 6.90 MPa (Table 3).

S. salivarius ssp. thermophilus ST-M5. The bile
tolerance of ST-M5 at different homogenization pres-
sures is shown in Figure 2B. The interaction between
homogenization pressure and time was not significant
(P > 0.05), whereas homogenization pressures had a

Table 2. The P-value > F-value of acid tolerance of Lactobacillus delbrueckii ssp. bulgaricus LB-12 at various pressures compared with control

(0 MPa)
Time interval during incubation period of 120 min

Pressure

(MPa) 20 min 40 min 60 min 80 min 100 min 120 min
3.45 <0.0001 0.0059 0.0005 <0.0001 <0.0001 1.0000
6.90 0.0110 0.4162 0.1064 <0.0001 <0.0001 0.4162
10.34 <0.0001 0.0002 <0.0001 <0.0001 <0.0001 <0.0001
13.80 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
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Table 3. Least squares means for growth of Lactobacillus delbrueckii ssp. bulgaricus LB-12, Streptococcus
salivarius ssp. thermophilus ST-M5, and Lactobacillus acidophilus LA-K as influenced by homogenization

pressure
L. delbrueckii ssp.
Pressure bulgaricus S. thermophilus L. acidophilus
(MPa) LB-12 ST-M5 LA-K
Acid tolerance
0 (control) 1.304¢ 2.435° 6.712¢
3.45 3.660° 4.900" 6.771°
6.9 3.182¢ 3.877" 6.982¢
10.34 4.650" 4.427" 7.173"
13.8 5.333° 4.618" 7.347°
Bile tolerance
0 (control) 8.957" 10.596° 8.966"
3.45 8.841" 10.728" 8.992>
6.9 8.846" 10.790" 9.019*
10.34 8.830™ 10.713" 8.996"
13.8 8.736° 10.813" 8.957°
Protease activity
0 (control) NS 0.025" NS
3.45 NS 0.031" NS
6.9 NS 0.046* NS
10.34 NS 0.045" NS
13.8 NS 0.027" NS
Growth
0 (control) 9.350" NS NS
3.45 9.310™ NS NS
6.9 9.266" NS NS
10.34 9.300" NS NS
13.8 9.172° NS NS

*IMeans within a column not containing a common superscript differ (P < 0.05).

significant (P < 0.001) effect on bile tolerance of ST- In addition, a significant (P < 0.05) difference was
M5 (Table 1). The bile tolerance of ST-M5 subjected observed in bile tolerance of ST-M5 subjected to dif-
to 3.45, 6.90, 10.34, and 13.80 MPa was significantly ferent homogenization pressures (Table 3). The bile
(P < 0.05) higher than that of the control (Table 3). tolerance of ST-M5 subjected to 13.80 and 6.90 MPa

Table 4. Mean log difference’ (log cfu/mL) in the viable counts of Lactobacillus delbrueckii ssp. bulgaricus LB-
12, Streptococcus salivarius ssp. thermophilus ST-M5, and Lactobacillus acidophilus LA-K in the homogenized

cultures®
L. delbrueckii ssp.
Pressure bulgaricus S. thermophilus L. acidophilus
(MPa) LB-12 ST-M5 LA-K
Acid tolerance
0 (control) —6.52 —10.25 —3.87
3.45 —6.62 —4.91 —4.26
6.9 —4.56 —6.41 —4.44
10.34 —2.25 —4.46 —4.52
13.8 -1.6 —4.29 —4.21
Bile tolerance
0 (control) —0.439 —0.081 0.747
3.45 —0.83 —0.148 0.876
6.9 —0.813 0.021 0.967
10.34 —0.663 —0.02 0.948
13.8 —0.567 0.013 0.787
Growth
0 (control) —0.117 1.764 0.737
3.45 —0.08 1.787 0.68
6.9 —0.011 1.706 0.964
10.34 0.038 1.848 0.827
13.8 —0.099 1.819 0.698

"Mean log difference for acid tolerance = (viable log cfu/mL at 2 h) — (viable log cfu/mL at 0 h). Mean log

difference for bile tolerance or growth = (viable log cfu/mL at 10 h) — (viable log cfu/mL at 0 h).

*Obtained by subtracting initial counts of viable bacteria at the start of the incubation period from those at

the end of incubation period for the same microorganism at the same homogenization pressure.
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Figure 2. Bile tolerance of homogenized cultures of Lactobacillus delbrueckii ssp. bulgaricus LB-12, Streptococcus salivarius ssp. thermophilus

ST-Mb5, and Lactobacillus acidophilus LA-K at different pressures.

was significantly (P < 0.05) higher than that of ST-M5
subjected to 3.45 and 10.34 MPa (Table 3). Strain ST-
M5 exhibited no decrease in viable counts between 0
and 10 h of incubation in presence of bile (Figure 2B).
Bile tolerance of the control (0 MPa) ST-M5 was the
lowest (P < 0.05; Table 3).

L. acidophilus LA-K. Bile tolerance of LA-K at dif-
ferent homogenization pressures is shown in Figure 2C.

Journal of Dairy Science Vol. 94 No. 8, 2011

The interaction between homogenization pressures and
time was not significant (P > 0.05, Table 1), whereas
homogenization pressures had a significant (P < 0.01)
effect on bile tolerance of LA-K (Table 1). The bile
tolerance of LA-K subjected to 6.90 MPa was signifi-
cantly (P < 0.05) higher than that of LA-K subjected
to 0 and 13.80 MPa (Table 3). Strain LA-K exhibited
high tolerance to bile conditions, with an increase in
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viable counts of the homogenized culture during 10 h of
incubation in bile conditions (Table 4).

In the present study, we found that L. acidophilus
exhibited similar growth patterns in the presence or
absence of bile acids. Similar findings were reported by
Liong and Shah (2005) who studied bile tolerance of
different strains of Lactobacillus species and found that
L. acidophilus exhibited similar growth patterns in the
presence or absence of bile acid (Oxgall). In the present
study, L. acidophilus showed the highest bile tolerance
followed by S. thermophilus, and L. delbrueckii ssp.
bulgaricus exhibited least bile tolerance (Table 4). We
found that homogenization pressures had significant
(P < 0.05) effects on bile tolerance of these bacteria
(Table 1). Homogenization pressures significantly (P
< 0.05) improved the bile tolerance of S. thermophilus
(Table 3) and significantly (P < 0.05) decreased the
bile tolerance of L. delbrueckii ssp. bulgaricus (Table 3),
indicating that different bacteria have a different bile
tolerance responses to the same homogenization pres-
sures. Shah and Jelen (1990) attributed the increased
bile tolerance of L. acidophilus to its rigid cell wall. Our
results indicated that the bile tolerance of L. acidophi-
lus increased with increasing homogenization pressure
from 0 MPa to 3.45, 6.90, 10.34, and 13.80 MPa (Table
4). These results indicated that, in addition to the rigid
cell wall (Shah and Jelen, 1990), other factors could be
responsible for increased bile tolerance of L. acidophilus
when subjected to homogenization pressures.

Protease Activity

L. delbrueckii ssp. bulgaricus LB-12. The pro-
tease activity of LB-12 expressed as optical density
(absorbance values) at different homogenization pres-
sures is shown in Figure 3A. The interaction between
homogenization pressure and time was not significant
(P > 0.05; Table 1), and homogenization pressure did
not have a significant (P > 0.05) effect on the protease
activity (Table 1).

S. salivarius ssp. thermophilus ST-M5. The
protease activity of ST-M5 expressed as optical density
(absorbance values) at different homogenization pres-
sures is shown in Figure 3B. The interaction between
homogenization pressures and time was not significant
(P> 0.05; Table 1), but homogenization pressure had a
highly significant (P < 0.001) effect on protease activ-
ity of ST-M5 (Table 1). The protease activity of ST-
M5 subjected to pressures of 6.90 and 10.34 MPa was
significantly (P < 0.05) higher than that of the control
and ST-M5 subjected to 3.45 and 13.80 MPa (Table
3). Homogenization pressures of 6.90 and 10.34 MPa
significantly (P < 0.05) improved the protease activity
of ST-M5.
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L. acidophilus LA-K. The protease activity of
LA-K expressed as optical density (absorbance values)
at different homogenization pressures is shown in Fig-
ure 3C. The interaction between the homogenization
pressures and time was not significant (P > 0.05; Table
1), and homogenization pressure had no significant (P
> 0.05) effect on LA-K (Table 1).

In this study, low homogenization pressures did not
result in any significant (P > 0.05) change in protease
activity of L. delbrueckii ssp. bulgaricus. Previously,
Gatti et al. (2004) reported a decrease in aminopep-
tidase activity of L. delbrueckii ssp. bulgaricus after
subjecting it to 8.82 MPa using a pressure cell. Use
of a pressure cell versus a homogenizer to apply pres-
sure probably explains the difference in findings. Low
homogenization pressures did not influence protease
activity of L. acidophilus and L. delbrueckii ssp. bul-
garicus (Table 1), but influenced the protease activity
of S. thermophilus (Table 1). Homogenization pressures
of 6.90 and 10.34 MPa improved the protease activity
of S. thermophilus significantly (P < 0.05; Table 3), as
determined by the Pr > t values of the differences of
the least squares means. Coskun (2006) also stated that
addition of attenuated (homogenized) cultures subject-
ed to the homogenization pressure of 30 MPa enhanced
the proteolytic activity of the lactic acid bacteria (L.
lactis, L. cremoris, L. delbrueckii ssp. bulgaricus, and
S. thermophilus). Differences in protease activity of
homogenized cultures determined by subtracting the
absorbance values at 0 h from 12 h at different homog-
enization pressures are shown in Table 5. In Table 5,
a positive (negative) number indicates an increase (de-
crease) in protease activity and the higher the number,
the higher the protease activity is. In our experiments,
L. delbrueckii ssp. bulgaricus exhibited the highest pro-
tease activity after 12 h of incubation compared with
L. acidophilus and S. thermophilus; S. thermophilus ex-
hibited the lowest protease activity (Table 5). This is in
accordance with the results reported by Shah and Jelen
(1990) that L. delbrueckii ssp. bulgaricus exhibited high
B- galactosidase activity compared with S. thermophilus
and L. acidophilus.

Growth

L. delbrueckii ssp. bulgaricus LB-12. Growth of
LB-12 (expressed as log cfu/mL) at different homogeni-
zation pressures is shown in Figure 4A. The interaction
between the homogenization pressures and time was
not significant (P > 0.05); however, homogenization
pressure had a significant (P < 0.0001) effect on growth
of LB-12 (Table 1). Homogenization pressures of 6.90,
10.34, and 13.80 MPa resulted in significantly (P <
0.05) decreased growth compared with the control,
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Figure 3. Protease activity of the homogenized cultures of Lactobacillus delbrueckii ssp. bulgaricus LB-12, Streptococcus salivarius ssp. ther-
mophilus ST-M5, and Lactobacillus acidophilus LA-K at different pressures.

whereas the homogenization pressure of 3.45 MPa did
not result in significant change in growth compared
with control (Table 3). Furthermore, the growth of ho-
mogenized cultures subjected to 3.45, 6.90, and 10.34
MPa were significantly (P < 0.05) higher than growth
of LB-12 subjected to 13.80 MPa (Table 3). The loga-
rithmic phase of the bacterium was not observed during

Journal of Dairy Science Vol. 94 No. 8, 2011

10 h of incubation in any of the pressures under study,
including the control (Figure 4A).

S. salivarius ssp. thermophilus ST-M5. Growth
of ST-M5 (expressed as log cfu/mL) at different ho-
mogenization pressures is shown in Figure 4B. The
interaction between homogenization pressures and
time was not significant (P > 0.05) (Table 1), and



LOW PRESSURES IMPROVE PROBIOTIC ATTRIBUTES

3735

Table 5. Protease activity difference! of the homogenized cultures of Lactobacillus delbrueckii ssp. bulgaricus
LB-12, Streptococcus salivarius ssp. thermophilus ST-M5, and Lactobacillus acidophilus LA-K

L. delbrueckii

Pressure ssp. bulgaricus S. thermophilus L. acidophilus
(MPa) LB-12 ST-M5 LA-K

0 (control) 0.546 —0.0042 0.062
3.45 0.458 0.022 0.0543
6.9 0.477 0.01 0.0434
10.34 0.492 0.016 0.06

13.8 0.548 0.02 0.052

'Protease activity difference = (absorbance value at 12 h — absorbance value at 0 h) obtained (by subtracting
the absorbance values at 0 h from h 12) for the same microorganism at the same homogenization pressure.

homogenization pressure did not have a significant (P
> 0.05) effect on growth of ST-M5 (Table 1). Strain
ST-M5 subjected to the different homogenization pres-
sures, including 0 MPa, exhibited a lag phase for 3 h, a
logarithmic phase during 3 to 8 h of incubation, and a
stationary phase thereafter (Figure 4B).

L. acidophilus LA-K. Growth of LA-K (expressed
as log cfu/mL) at different homogenization pressures
is shown in Figure 4C. The interaction effect between
homogenization pressure and time was not significant
(P > 0.05) (Table 1), and homogenization pressure did
not have a significant (P > 0.05) influence on growth
(Table 1). In the control, a significant (P < 0.05) in-
crease in the viability of LA-K was observed after 3 h
of incubation (Figure 4C). In LA-K subjected to 3.45
and 13.80 MPa, a significant (P < 0.05) increase in the
viable counts was observed after 6 h (Figure 4C). In
LA-K subjected to 6.90 and 10.34 MPa, a significant
(P < 0.05) increase in viable counts was observed after
5 h (Figure 4C). The strain was still in the logarithmic
phase after 10 h of incubation for all cultures studied,
including the control.

Simova et al. (2006) analyzed the growth profile of
S. thermophilus T15 and L. delbrueckii ssp. bulgaricus
HP1 inoculated individually in autoclaved reconsti-
tuted skim milk and reported that growth reached the
exponential phase in the first 5 h and the stationary
phase in 8 to 12 h. In the present study, we found
that although the growth of the control S. thermophi-
lus reached the exponential phase after 3 h, that of
L. delbrueckii ssp. bulgaricus did not reach exponential
phase during the 10 h of incubation. The difference in
results could be because L. delbrueckii ssp. bulgaricus
used in the present study was a pure frozen culture in-
oculated into cool (4°C) autoclaved skim milk, whereas
the cultures studied by Simova et al. (2006) were prein-
cubated for 5.5 h before inoculation. Another possible
reason could be that the homogenization treatment in
the present study might have delayed the logarithmic
phase of L. delbrueckii ssp. bulgaricus. Moreover, Shah
et al. (2008) reported that L. delbrueckii ssp. bulgaricus

was the most sensitive species among the 3 bacterial
cultures, exhibiting the lowest viability when subjected
to high pressures of 480 MPa. The results indicated
that rate of growth of the bacterium L. acidophilus was
delayed on increasing the homogenization pressures.

Homogenization pressures of 6.90, 10.34, and 13.80
MPa significantly (P < 0.05) decreased growth of L.
delbrueckii ssp. bulgaricus (Table 3), but homogeniza-
tion pressures did not have significant (P > 0.05) effect
on growth of L. acidophilus and S. thermophilus (Tables
1 and 3). Lactobacillus acidophilus exhibited a signifi-
cant (P < 0.05) increase in viable counts after 6 h but
did not reach stationary phase during 10 h of incuba-
tion (Figure 4 C). This is in accordance with results
of Liong and Shah (2005), who stated that growth of
L. acidophilus was predominant in the first 9 to 15 h,
after which it reached a stationary phase. Differences
in the viable counts of cultures homogenized at differ-
ent pressures obtained by subtracting viable log cfu/
mL counts at 0 h from those at 10 h of incubation
are reported in Table 4. In Table 4, a positive number
indicates bacterial growth, a negative number indicates
bacterial death; a higher positive number means a
higher growth rate of the culture and greater resistance
to low pressure homogenization. Among the 3 bacte-
rial cultures, L. delbrueckii ssp. bulgaricus was least
resistant, whereas S. thermophilus exhibited the highest
resistance to low homogenization pressures (Table 4).
Similar observations were noted by Shah et al. (2008),
who subjected cultures to very high pressures using an
ultra-high-pressure press and studied culture growth at
a single time point after high-pressure treatment. They
reported that S. thermophilus was the most resistant
species, whereas L. delbrueckii ssp. bulgaricus was the
least resistant when subjected to a pressure of 480 MPa
(Shah et al., 2008).

CONCLUSIONS

Acid tolerance of the yogurt cultures L. delbrueckii
ssp. bulgaricus LB-12 and S. salivarius ssp. thermophi-
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Figure 4. Growth of homogenized cultures of Lactobacillus delbrueckii ssp. bulgaricus LB-12, Streptococcus salivarius ssp. thermophilus ST-

M5, and Lactobacillus acidophilus LA-K at different pressures.

lus ST-M5 was significantly improved by all of the low
homogenization pressures under study. Homogeniza-
tion pressures of 10.34 and 13.80 MPa significantly
improved the acid tolerance of L. acidophilus LA-K.
Bile tolerance of ST-M5 was significantly improved by
all low homogenization pressures under study, whereas
homogenization pressure of 6.90 MPa significantly

Journal of Dairy Science Vol. 94 No. 8, 2011

improved the bile tolerance of LA-K. The low homog-
enization pressures under study significantly decreased
bile tolerance of LB-12. Protease activity of ST-M5 was
significantly increased by the homogenization pressures
of 6.90 and 10.34 MPa. Low homogenization pressures
did not significantly improve the protease activity of
LA-K and LB-12. Growth of LA-K and ST-M5 was
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not significantly influenced by homogenization pres-
sure, but growth of LB-12 was significantly decreased
by subjecting the culture to various low homogeniza-
tion pressures. Different bacteria sometimes exhibited
a different response to the same probiotic attribute
when subjected to the same low homogenization pres-
sure. Some low homogenization pressures positively
influenced some characteristics of yogurt culture bac-
teria and LA-K. Depending upon the improvement in
the characteristics of a culture bacterium desired, low
homogenization pressure could be used selectively. Cul-
ture pretreatment with some low homogenization pres-
sures can be recommended for improvement of certain
probiotic characteristics.
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