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The aim of this study was to evaluate the influence of microbiological and technological factors on
the viability and functionality of probiotic Lactobacillus strains. In particular, the influence of har-
vesting time, food matrix, refrigerated storage, time of inoculation and refrigerated storage in fer-
mented milk on the resistance to simulated gastric digestion (RSGD) was evaluated. Moreover,
strain resistance to simulated gastric digestion was compared to human gastric fluid. Results
showed that the variables studied affected, in a different way and in a strain-dependent manner, the
RSGD. No direct relation was observed between cell viability and RSGD.
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INTRODUCTION

Probiotics are ‘live microorganisms which when
administered in adequate amounts confer a
health benefit on the host’ (FAO/WHO 2002).
Many micro-organisms are currently used as
human probiotics, the strains most widely used
in fermented dairy products belonging to the
genus Bifidobacterium or to Lactobacillus casei
and Lactobacillus acidophilus groups (Vinderola
et al. 2011a). With regard to their viability and
functionality of probiotic bacteria in fermented
dairy products, this can be modified by many
microbiological and technological factors, which
should therefore be taken into account. In fact,
the factors involved during biomass production
of a strain (medium pH, available sugars and
their concentrations, growth phase at harvesting,
etc.), technological processing and the food
matrix into which micro-organisms are added
may significantly affect both their resistance to
biological barriers (gastric acidity and bile salts)
and their capacity to interact with immune cells,
thus conditioning its functionality (Vinderola
et al. 2011b). Viability can be considered as the
amount of viable cells displayed by a culture
under a given condition, whereas functionality is
a more sophisticated concept comprising a group
of nonexhaustive features, including viability,

which confer on a probiotic strain the properties
responsible for health improvement. However,
as viability does not always mean full function-
ality, it is important to establish the difference
between both parameters. Under certain condi-
tions, bacteria can survive, although some of
their functional characteristics such as resistance
to low pH, adhesion to the intestinal epithelium
or immunomodulating capacity may not be fully
displayed, which could at least partially impair
its capacity to exert a beneficial effect on health
(Reilly and Gilliland 1999; Vinderola et al.
2011a). Saarela et al. (2006), for example, stud-
ied the stability of freeze-dried bifidobacteria in
fruit juice and low-fat milk and found no
changes in cell viability but lower acid and bile
tolerance of cells during storage. Freeze-dried
cells of B. animalis subsp. lactis INL1 showed
higher tolerance to low pH (pH 2.0) when
grown at pH 5.0 than when grown at pH 6.5
(Vinderola et al. 2012). Similar results had been
reported by Saarela et al. (2009) for L. rhamno-
sus VTT E-97800. The appropriate choice of a
probiotic micro-organism involves, as an essen-
tial feature, its ability to reach, survive and per-
sist in the environment in which it is intended
to act. As the large intestine is the site of action
for most probiotic bacteria, for these bacteria to
be effective they must arrive viable in sufficient
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numbers at the site of action. During passage through the
gut, probiotic strains must overcome harsh environmental
conditions. The acidic stomach environment and the pres-
ence of bile in the duodenum are major factors affecting the
viability of probiotic bacteria (Mainville et al. 2005). Resis-
tance to human gastric transit has been demonstrated in vivo
for probiotic lactic acid bacteria and bifidobacteria, thus
constituting an important in vitro selection criterion for pro-
biotic micro-organisms (Zanoni et al. 2008). Consequently,
a preliminary in vitro assessment becomes mandatory
(FAO/WHO 2002). This assessment has traditionally paid
special attention to the ecological origin of bacteria, their
tolerance to the hostile conditions of the stomach and the
small intestine, and their ability to adhere to intestinal sur-
faces (Morelli 2007). However, no international consensus
exists so far about a standardised protocol to assess resis-
tance to the conditions found in the gastrointestinal tract.
The aim of this study was to evaluate the influence of tech-
nological factors on the functionality of Lactobacillus
strains, measured as the resistance to simulated gastric
digestion, as well as to review some of the various in vitro
conditions reported in literature to perform a simple assess-
ment of simulated gastric acid resistance.

MATERIALS AND METHODS

Bacterial strains and growth conditions
Four commercial strains, L. casei NAD, L. acidophilus
DRU, L. paracasei A13 and L. casei BIO, were used in this
study. Commercial names of the strains are not disclosed
for confidentiality reasons. Strains were grown in MRS
broth (Biokar Diagnostics, Beauvais, France) at 37 °C in
aerobiosis. Bacterial stocks were kept at �70 °C in MRS +
glycerol (20% v/v). In all experiments, strains were trans-
ferred three times (18 h, 37 °C, aerobiosis) to MRS broth
before use. For fermented milk production, frozen stock cul-
tures of L. casei NAD were prepared. Overnight cultures
(18 h, 37 °C, aerobiosis) were washed twice with phos-
phate-buffered saline (PBS) solution (pH 7.2), resuspended
in 20% (w/v) reconstituted skim milk (RSM) and frozen-
stored at �70 °C.

Determination of resistance to simulated gastric
digestion
The resistance to simulated gastric digestion (RSGD) was
studied by an in vitro assay of gradual drop of pH sug-
gested by Mainville et al. (2005), slightly modified. Acidifi-
cation curves are shown in Figure 1. Samples (cell
suspensions from overnight cultures or fermented milks)
were mixed with the same volume of a ‘saliva-gastric’-
resembling solution containing CaCl2 (0.22 g/L), NaCl
(16.2 g/L), KCl (2.2 g/L), NaHCO3 (1.2 g/L) (Marteau
et al. 1997) and 0.6% (w/v) porcine pepsin (Merck, Darms-
tadt, Germany). Cell suspensions were maintained in a water

bath at 37 °C with mild stirring and were steadily acidified
with HCl (0.1; 0.5 and 1.0 N), so that the pH dropped grad-
ually over time from pH 5 (at time 0) to 2.5 or 2.2 (depend-
ing on the assay) in a period of 90 minutes (see Figure 1).
The pH was monitored with a pH meter (Orion 3 Star,
Thermo Scientific; Beverly, MA, USA). Cell counts were
carried out on MRS agar at the beginning (time 0) and after
60, 70, 75, 80, 85 and 90 min of simulated gastric diges-
tion. Plates were incubated at 37 °C for 48 h.

Determination of RSGD along the growth curve
The growth curve of L. casei NAD was determined in MRS
broth (absorbance at 560 nm and log CFU/mL plotted
against time). L. casei NAD was harvested at 3 different
points along its growth curve (early exponential growth
phase (4 h), late exponential growth phase (12 h) and sta-
tionary growth phase (14 h), and RSGD was determined. A
volume of 20 mL of each sample was centrifuged
(4.000 9 g, 10 min, 4 °C), washed twice with PBS and
resuspended in 20 mL of RSM (10% w/v) (pH 6.5). The
RSGD (final pH 2.2) was determined as described above.

Effect of the food matrix on RSGD
To evaluate the effect of the suspension medium on RSGD,
a frozen culture of L. casei NAD was thawed and resus-
pended into 0.1% (w/v) peptone water (Britania, Buenos
Aires, Argentina) or fermented milk (see below for details
of fermented milk production). A given volume of the cell
suspension was used to determine the RSGD (final pH 2.5)
as described above.

Determination of RSGD during the refrigerated storage
An overnight culture of L. casei NAD was centrifuged
(4.000 9 g, 10 min, 4 °C), washed twice with PBS solution
and resuspended in RSM (10% w/v) pH 6.5 or in RSM
(10% w/v) acidified (with lactic acid, Sigma, St. Louis,
MO, USA) to pH 4.5. Cell suspensions were aliquoted and
stored at 5 °C or 12 °C during 30 days. The RSGD (final
pH 2.2) was determined at 0, 15 and 30 days of storage.

Effect of inoculation time and refrigerated storage in
fermented milk on RSGD
The influence of the inoculation time (addition of the probi-
otic before or after milk fermentation) and the subsequent
refrigerated storage on RSGD was studied. A Yoghurt star-
ter composed of Streptococcus thermophilus and Lactoba-
cillus delbrueckii subsp. bulgaricus (cocci/lactobacilli rate
10:1) (Yo-Flex 700, type DVS, Chr. Hansen, Buenos Aires,
Argentina) was used for fermented milk production accord-
ing to the manufacturer’s instructions. RSM 12% (w/v) was
fermented at 43 °C until pH 4.5 was reached (approx.
5.5 h). A frozen concentrated culture of L. casei NAD was
inoculated before or after fermentation with the Yoghurt
starter, to an initial concentration of ca. 7 log orders. Both
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fermented milks, named IBF (inoculated before fermenta-
tion) and IAF (inoculated after fermentation), were aliquot-
ed and kept at 5 °C and 12 °C for 30 days. The RSGD
(final pH 2.5) was determined at the beginning and after
30 days of storage. When S. thermophilus and L. del-
brueckii subsp. bulgaricus were present, MRS-LP (Vindero-
la et al. 2011a) agar was used for selective enumeration of
L. casei.

Comparison of the resistance to simulated and real
gastric fluid
Samples (5–8 mL) of human gastric fluid of 10 healthy vol-
unteers (without endoscopic evidences of ulcers or other
stomach disorders) were provided by courtesy of Dr. Marozzi
and Dr. Nepote of the Instituto del Diagn�ostico (Santa Fe,
Argentina). Samples presenting a pH higher than 3.0 were
discarded. The remaining five samples (pH values: 1.41;
1.92; 1.71; 2.46; 2.29) were pooled, centrifuged (4.000 9 g,
15 min, 4 °C), filtered (0.45 lm, Millipore filter) and kept at
�70 °C. The final pH of the pooled sample was 1.68.
Overnight cultures of L. acidophilus DRU, L. casei NAD,

L. paracasei A13 and L. casei BIO were centrifuged
(4.000 9 g, 10 min, 4 °C) and washed twice with saline
solution (0.85% (w/v) NaCl). Cells were harvested by cen-
trifugation (4.000 9 g, 10 min, 4 °C) and resuspended in
simulated gastric fluid (SGF) (0.3% (w/v) pepsin, 0.5% (w/
v) NaCl, pH 1.68 adjusted with HCl) or human gastric fluid
(HGF). Cell suspensions were incubated on a water bath at
37 °C for 30 min. Cell counts were carried out on MRS
agar, at the beginning (time 0) and after 10, 20 and 30 min
of incubation. Plates were incubated at 37 °C for 48 h in
aerobiosis.

Statistical analysis
All experiments were replicated at least twice on different
days. Data were analysed using the one-way ANOVA proce-

dure of SPSS software (SPSS Inc., Chicago, IL, USA). Data
were considered significantly different when P < 0.05.

RESULTS AND DISCUSSION

In this work, a bibliographic search was conducted on the
conditions used by various researchers to in vitro study the
tolerance of probiotic candidates to gastric or gastrointesti-
nal digestion. Those conditions are summarised in Table 1.
Except for temperature, parameters such as digestion time,
pH and ingredients used to mimic gastric or intestinal fluid
were found to significantly vary among reports. The major-
ity of approaches used a constant pH exposure, while few
reports explored the use of a gradual drop in pH from food
pH to gastric pH (Mozzi et al. 2009; Kheadr et al. 2010),
as it happens in vivo.

RSGD along the growth curve
Probiotic bacteria encounter various stressful conditions dur-
ing biomass production and conservation, formulation into
foods, food storage and gastrointestinal transit. During
growth in a fermenter, several factors, such as culture pH,
medium composition, harvesting time and gas atmosphere,
can potentially affect the cell physiology in a way that may
contribute to stability, for example a lower pH during
growth can improve the viability on freeze-drying. Cells in
the stationary growth phase are generally more tolerant to
downstream stressful conditions than actively growing cells,
maybe due to a more general stress response (Saarela et al.
2009).
In this study, the RSGD of L. casei NAD was seen to

increase along the growth curve, being higher for cultures
harvested late in the stationary growth phase (Figure 2). It
is important to note that no significant differences
(P > 0.05) were observed in cell counts between cultures
harvested at early and at late stationary growth phase (data
not shown). When the culture was harvested late in the sta-
tionary phase, viable cells were found after 90 min of simu-
lated gastric digestion. However, no viable cells were found
after 75 and 85 min of digestion for cultures harvested at
early or late exponential growth phase, respectively. No dif-
ferences in cell viability were observed by minute 60 of
simulated digestion (pH was ca. 2.5 by that time), with via-
ble cell counts being higher than 8.3 log orders. After
70 min of simulated digestion (pH was ca. 2.4), there was a
difference in acid tolerance which depended on the culture
harvesting time. A cell death of ca. 4, 2 and 0.9 log orders
was observed for cells harvested at early, late exponential
and stationary phase, respectively. These results agree with
others found in the literature, which reported higher viability
and functionality (measured as acid resistance) of Lactoba-
cillus strains harvested at stationary phase than those har-
vested at exponential phase. This fact could be attributed to
the induction of a general stress response by exposure to
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Figure 1 Acidification kinetics [final pH 2.2 (▲), final pH 2.5 (♦)] used
to determine the resistance to simulated gastric digestion.
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lactic acid (van de Guchte et al. 2002). Lorca and Font de
Valdez (1999) described the effects of the physiological age
of a L. acidophilus strain on the development of cross-resis-
tance to various kinds of environmental stresses. These
authors observed different degrees of resistance to acid
exposure, freezing and oxidative stress in cultures at 37 °C,
depending on the physiological age of the cells. Moreover,
they reported the involvement of different sets of proteins in

the cell adaptation process to environmental changes.
According to their results, those proteins synthesised during
starvation would be essential for acid resistance of the
strain.

Effect of the food matrix on RSGD
Food, and fermented milks in particular, is the most wide-
spread delivery system for probiotic bacteria and can, at

Table 1 Ingredients and conditions used to assess the gastric or gastrointestinal resistance of probiotic bacteria to simulated digestion

Ingredients used for simulated gastrointestinal solution pH

Incubation

ReferenceTemperature (°C) Time (min)

Pepsin, NaCl 2.0–2.5 37 180 Bao et al. 2010
Pepsin, NaCl, lipase 1.4–1.9 37 120 Buriti et al. 2010
Pepsin, Glucose, NaCl, KH2PO4, CaCl2, KCl, porcine bile, lysozyme 1.85 37 30 Casey et al. 2004
Pepsin, NaCl 2.0 37 180 Charteris et al. 1998
Pepsin, MRS 2.5 37 120 Cho et al. 2009
Pepsin, NaCl, pancreatin, bile salts 2.0 37 120 Collado and Sanz 2007
Pepsin, Glucose, NaCl, KH2PO4, CaCl2, KCl, porcine bile, lysozyme 2.0 37 90 Corcoran et al. 2005
Pepsin, NaCl, KCl, NaHCO3 2.0–3.0 37 180 De Angelis et al. 2006
Pepsin, NaCl 3.2 37 60 Doleyres et al. 2004
Pepsin 2.0 37 60 Duc et al. 2004
Pepsin 2.0 37 60 Fakhry et al. 2008
Pepsin, NaCl, KCl, NaHCO3 2.0–3.0 – 180 Fern�andez et al. 2003
Phosphate-buffered saline 2.0–3.0 37 180 Guo et al. 2010
Pepsin, NaCl, KCl, NaHCO3 2.0–3.0 37 180 Hacin et al. 2008
Peptone water 2.0–4.0 37 90–180 Huang et al. 2007
MRS 2.0–3.0 37 180–360 Hyronimus et al. 2000
Pepsin 1.5–3.0 37 90 Izquierdo et al. 2008
Pepsin, MRS, GAM broth 2.5–3.0 37 180 Jonganurakkun et al. 2008
Pepsin, MRS 2.0–3.2 37 180 Jung et al. 2008
Pepsin, lipase 5.5–1.8a 37 360 Kheadr et al. 2010
MRS broth 2.0–4.0 37 180 L€ahteinen et al. 2010
Pepsine, glucose, NaCl, KH2PO4, CaCl2, KCl, porcine bile, lysozyme 2.0 – 90 Lebeer et al. 2008
Pepsin, MRS 2.5 37 120 Lee et al. 2008
BHI 3.0 37 180 Marcin�akov�a et al. 2010
MRS 2.0–2.5 37 120 Mathara et al. 2008
Phosphate-buffered saline 3.0 37 60–120 M€att€o et al. 2004
Pepsin, NaCl 2.5 37 180 Mota et al. 2006
Pepsin, KCl, NaCl, CaCl2, KH2PO4, mucin 2.0–3.0a 37 120 Mozzi et al. 2009
MRS 3.0 37 180 Nishida et al. 2008
Pepsin, MRS 2.0 37 60–180 Oh et al. 2000
Pepsin, NaCl 2.0 37 30–60 Patel et al. 2010
Pepsin, glucose, NaCl, KH2PO4, CaCl2, KCl, porcine bile, lysozyme 2.0 37 90 Perea V�elez et al. 2007
MRS 2.0–3.0 – 240 Ryan et al. 2008
H3PO4 2.0 37 120 Sharp et al. 2008
HCl – 37 60–120 Stadler and Viernstein 2003
Pepsin, glucose, NaCl, KH2PO4, CaCl2, KCl, porcine bile, lysozyme 2.5 37 120 Sung et al. 2010
Phosphate-buffered saline 2.0–3.2 37 180 Tsai et al. 2004
Citrate buffer 3.0 37 300 Verdenelli et al. 2009
Pepsin, NaCl 3.0 37 60 Vinderola et al. 2007
Pepsin, saline solution, human gastric fluid 2.0 37 90 Zanoni et al. 2008

–, Data not provided. aGradual drop of pH.
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least partially, protect them from acidic conditions (Wang
et al. 2009). Fat and protein content, type of proteins, sug-
ars, pH and certain food ingredients may affect their per-
formance in this complex matrix, modifying their
functionality and efficacy (Vinderola et al. 2011b). Fig-
ure 3 shows the in vitro RSGD of L. casei NAD resus-
pended in 0.1% (w/v) peptone water or fermented milk.
The fermented milk matrix gave the strain a higher capa-
city to withstand the acidic conditions than peptone water,
this may be due to the higher buffering capacity of the for-
mer, which decreases the effect of strong acids (Conway
et al. 1987; Champagne and Gardner 2005; Ross et al.
2005). After 80 min of simulated digestion, no viable cells
were detected when the strain was suspended in peptone
water, whereas a decrease in cell viability of only 2.3 log
orders was observed when using fermented milk. Similar
results were reported by Wang et al. (2009). In this case,
the survival rates of freshly prepared cultures of L. casei

Zhang in simulated gastric juice at pH 2.0 and 2.5 were 31
and 69%, respectively, and the delivery of L. casei Zhang
through fermented soymilk and bovine milk significantly
improved the viability of the strain in simulated gastric
transit. Charteris et al. (1998) reported a complete tolerance
of a strain of L. casei and B. infantis to simulated gastric
transit when adding sodium caseinate, whey protein isolate
and a combination thereof.

Effect of refrigerated storage on RSGD
Subjection of microbial cells to a mild stress could induce
resistance to a subsequent lethal challenge under the same
stress condition. Moreover, exposure to sublethal levels of
one stress condition can render cells resistant to other
stress conditions. This becomes relevant in environments
where micro-organisms can be exposed to a combination
of stressing conditions, such as the human gastrointestinal
tract (Burns et al. 2008). The incorporation of probiotic
bacteria into fermented dairy products implies the necessity
to maintain viable cells from production to consumption,
where the cold chain plays a significant role for the main-
tenance of viability (Vinderola et al. 2011a). As previously
shown by various authors (Brashears and Gilliland 1995;
Nighswonger et al. 1996; Reilly and Gilliland 1999), cold
storage can modify the functionality of probiotic bacteria.
Accordingly, in this part of the study, we aimed at deter-
mining whether the cold storage of L. casei NAD in con-
trol (pH 6.5) or acidified RSM (pH 4.5) during 30 days at
5 °C and 12 °C may affect its RSGD. After analysing the
results (Figure 4), L. casei NAD showed changes in both
its viability and RSGD. The highest increases in both
parameters were observed when the strain was stored for
30 days at 12 °C in control RSM (pH 6.5). Instead, the
storage at 5 °C did not modify either the viability or the
profile of RSGD, irrespective of the milk pH. However, a
different behaviour was found when L. casei NAD was
stored at 12 °C (mainly at pH 6.5). In this case, there was
a positive effect (enhancement) on the RSGD and the
strain was able to grow ca. 1 log order (12 °C, pH 6.5).
Vinderola et al. (2011a) studied the in vitro RSGD of dif-
ferent L. casei strains in various commercial samples of
fermented milks during refrigerated storage for 20 days at
5 °C and 12 °C. As in our study, in that case L. casei
was able to grow during refrigerated storage. By day 20 at
12 °C, a temperature commonly found in retail display
cabinets in supermarkets, cell counts were significantly
higher (0.5–1 log orders) in certain commercial samples,
compared to counts performed in samples immediately
after their arrival to the laboratory. Moreover, the growth
of L. paracasei in a commercial probiotic cheese held at
12 °C for 60 days had been previously reported (Vinderola
et al. 2009). Champagne and Gardner (2008) compared the
resistance of 4 Lactobacillus strains, as fresh cultures or
after refrigerated storage, to simulated gastrointestinal
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Figure 2 Cell viability of Lactobacillus casei NAD during the simulated
gastric digestion of cell harvested at early (■) and late (▲) exponential
growth phase and stationary growth phase (●).
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Figure 3 Cell viability of Lactobacillus casei NAD during the simulated
gastric digestion of cultures suspended in (■) peptone water or in
fermented milk (●).
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conditions. These authors found strong viability losses after
incubation for 2 h (37 °C, pH 2.0). Furthermore, the cul-
tures that were tested after having been stored for 35 days
at 4 °C in the fruit drink had higher viability losses (ca.
1.2 log orders) than the fresh ones (harvested during sta-
tionary phase). These authors also concluded that a short-
time exposure of the cultures to acid at 37 °C (during
growth of fresh cultures) provides better protection to sub-
sequent gastrointestinal conditions than does an extended
low-temperature storage period. These controversial results
indicate that companies wishing to develop new products
need to carry out tests with the strains they have chosen
in the specific food matrix (Champagne and Gardner
2008).

Effect of the inoculation time and the refrigerated
storage on RSGD
Although many works reported the interaction between
strains of starter cultures and probiotic bacteria (Shah
2000), no studies were found comparing the functionality
of probiotics inoculated in fermented milks or yoghurts at
different times during the fermentation process. The RSGD
of L. casei NAD was lower when the strain was added

together with the starter culture (before milk fermentation)
than when it was inoculated after milk fermentation (Fig-
ure 5). This could indicate that the fermentation process
had a negative impact on the strain viability during gastric
digestion. After refrigerated storage for 30 days, the probi-
otic RSGD was higher than that of the initial time, irre-
spective of the time of inoculation. When L. casei NAD
and the starter culture were inoculated together (IBF), after
30 days of storage at 12 °C, a cell death of only 2.8 log
orders was found after 90 min of simulated digestion,
while no viable cells were found by this time when the
RSGD was evaluated immediately after fermentation (time
0). This behaviour was not observed when the probiotic
was inoculated after the fermentation process (IAF). To the
best of our knowledge, this is the first report showing
changes in resistance to simulated gastric transit related to
a technological variable (time of inoculation: before milk
fermentation or once milk fermentation is completed). Even
not unveiled yet, the mechanisms underlying these different
behaviours might be influenced by different factors such us
temperature (high temperature of exposure when cells are
added in IBF products compared to IAF products) and
exposure to products derived from lactic acid fermentation
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Figure 4 Cell viability of Lactobacillus casei NAD during the simulated
gastric digestion in RSM (pH 6.5) (solid lines) or in RSM acidified to
pH 4.5 (dashed lines), at time zero (▲) or after storage at 5 °C (●) and
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Figure 5 Cell viability of Lactobacillus casei NAD during the simu-
lated gastric digestion of cultures inoculated in fermented milks before
(above) or after (below) milk fermentation. RSGD was assessed in cul-
tures immediately after inoculation (time zero: ▲) or after 30 days of
storage of fermented milks at 5 °C (●) and 12 °C (■).
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(lactic acid or other organic acids or bacteriocin-like
compounds).
In this work, a final pH of 2.2 or 2.5 was used along the

different experiments of simulated dynamic gastric diges-
tion. This was due to the different sensitivity of probiotic
cells to simulated gastric digestion in those experiments.
Taking into account that this is a simplified simulation of a
much more complex process, in some cases we decided to
use milder conditions (final pH 2.5 instead of 2.2) in order
to find viable cells of lactobacilli by the end of the simu-
lated gastric digestion, which allowed us to compare the dif-
ferent technological conditions assessed (moment/time of
inoculation, storage, food matrix).

Comparison of the resistance to simulated and real
gastric fluid
The low pH of the stomach, together with the proteolytic
activity of the digestive enzymes, is the first and one of
the most important challenges to be overcome by a probi-
otic culture on its passage through the gastrointestinal tract.
In most studies, authors employ simulated gastric solutions
but just a few of them evaluate the gastric resistance using
human gastric fluid (Table 1), possibly due to the difficulty
of obtaining these kind of samples. The resistance of some
probiotic strains was assessed after 10, 20 and 30 min of
incubation in simulated gastric fluid (SGF) (Table 2) and
in human gastric fluid (HGF). The viability of L. acidophi-
lus DRU did not change when using SGF (after 30 min of
incubation a negligible cell death of 0.3 log orders was
observed); however, no viable cells were found when cells
were resuspended in HGF, even after 10 min of incubation
(data not shown). This fact indicates that other factors,
besides the SGF pH value, affect the gastric resistance of a
micro-organism. On the contrary, L. casei strains showed
high sensitivity to SGF. In fact, for L. casei NAD, a cell
death of 5.8 log orders was found after 10 min of incuba-
tion and no viable cells were found later on. Similar to
L. acidophilus DRU, L. casei NAD was highly sensitive
when incubated in human gastric fluid (data not shown).
Zanoni et al. (2008) compared the resistance of L. planta-

rum, S. thermophilus and B. lactis in human gastric juice,
simulated gastric juice and bile and found that all the
strains exhibited complete loss of viability after 90 min in
human gastric juice (pH 1.8). Even though a high differ-
ence in cell viability was observed when SGF or HGF was
used, other factors should be considered when evaluating
gastric tolerance and formulating simulated gastric solu-
tions; namely, a more sophisticated in vitro approach is
certainly still needed.
The gastric pH of healthy people is normally around 1.8

but can increase to values ranging from 3 to 5 after eating
(Zanoni et al. 2008). Individual differences, meal composi-
tion and gastric emptying time are other variables that could
have an effect on gastric tolerance. The determination of the
gastric resistance using HGF or SGF to an extremely low
and constant pH during a long time may be underestimating
the real gastric resistance of a micro-organism. Probiotic
bacteria are normally delivered in a food matrix so the pH
and the time at which they are exposed in the stomach may
not be the same for every single cell because, while some
cells are entering the stomach and pH is starting to drop,
other cells might be already inside it and others might also
be leaving it towards the duodenum. In this regard, Berrada
et al. (1991) reported that in humans, gastric emptying is a
dynamic process whereby after 40 min of digestion, approx-
imately 50% of the ingested fermented milk already left the
stomach. In our acidification curve, by min 40, pH was still
above 3.2. Then, conditions used in in vitro models for the
estimation of resistance to gastric digestion (constant and
low pH values) might be still too harsh and then might be
underestimating the present tolerance to the passage through
the stomach. Berrada et al. (1991) also demonstrated that
the in vitro relative tolerance between strains is a good esti-
mation of the in vivo tolerance.

CONCLUSIONS

These results indicate that the variables assessed affected
both the viability and the functionality of the strains studied
and demonstrate that viability does not always correlate
directly with functionality. This is an important fact because
both parameters are necessary for probiotics to exert a bene-
fit on health. Moreover, the diversity of available protocols
for assessment of RSGD suggests the need of a standardised
one for monitoring the effect of diverse processing and stor-
age conditions on the gastric resistance of probiotic bacteria
and for a better comparison of probiotic candidates assessed
around the world.
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Table 2 Cell counts (log CFU/mL � SD) of Lactobacillus strains
in simulated gastric solution (pH 1.68)

Strain

Time of simulated digestion (min)

0 10 20 30

L. acidophilus DRU 8.09a 8.20a 8.12a 7.79a

L. casei NAD 8.16a 2.34b <1 <1
L. casei BIO 8.07a 3.93b 1.30c <1
L. paracasei A13 8.12a 3.35b 1.48c <1
a,b,cValues in rows with different superscript are significantly

different (P < 0.05).
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