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Abstract The prebiotic effect of a pectic oligosaccharide-
rich extract enzymatically derived from bergamot peel
was studied using pure and mixed cultures of human
faecal bacteria. This was compared to the prebiotic effect
of fructo-oligosaccharides (FOS). Individual species of
bifidobacteria and lactobacilli responded positively to the
addition of the bergamot extract, which contained
oligosaccharides in the range of three to seven. Fermen-
tation studies were also carried out in controlled pH
batch mixed human faecal cultures and changes in gut
bacterial groups were monitored over 24 h by fluorescent
in situ hybridisation, a culture-independent microbial

assessment. Addition of the bergamot oligosaccharides
(BOS) resulted in a high increase in the number of
bifidobacteria and lactobacilli, whereas the clostridial
population decreased. A prebiotic index (PI) was calcu-
lated for both FOS and BOS after 10 and 24 h
incubation. Generally, higher PI scores were obtained
after 10 h incubation, with BOS showing a greater value
(6.90) than FOS (6.12).
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Introduction

Epidemiological evidence points towards an increased
intake of fruits and vegetables as part of a healthier diet
(Dauchet et al. 2004). Despite this, uptake of the recom-
mended levels is poor, with current estimates being that less
than 10% of consumers eat five or more portions of fruits
and vegetables each day. Functional foods are defined as
dietary components that may result in physiological effects
on the consumer leading to justifiable health claims
(Roberfroid 1996). While not adequate substitutes for a
balanced healthy diet, they do offer a further choice for the
consumer. A prebiotic is defined as “a nondigestible food
ingredient which beneficially affects the host by selectively
stimulating the growth and/or activity of one or a limited
number of bacteria in the colon and thus improving host
health” (Gibson and Roberfroid 1995). Prebiotics of proven
efficacy are able to modulate the gut microbiota by
stimulating indigenous beneficial flora components while
suppressing, or not affecting, less desirable bacteria, such as
proteolytic bacteroides and clostridia (Tuohy et al. 2001).
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They may contribute to the natural defence against
infection in infant health by promoting a proliferation of
bifidobacteria, usually correlated with a lower risk of
intestinal infection (Vandenplas 2002). Prebiotics have also
been reported to indirectly lead to a reduction in serum
triglyceride levels (Williams and Jackson 2002). In addi-
tion, there is evidence showing that prebiotics may
indirectly affect mineral absorption in the large bowel and
show beneficial effects against inflammatory bowel dis-
eases by stimulating butyrate production and thus acceler-
ating the mucosal cell proliferation and healing processes
(Roberfroid 2000; Bamba et al. 2002). Although any dietary
material that enters the large intestine can be considered as
potentially prebiotic, currently, the most well known pre-
biotics are non-digestible oligosaccharides (Gibson et al.
2000). Different oligosaccharides with prebiotic properties
are commercially available, such as inulin, fructo-oligosac-
charides (FOS), galacto-oligosaccharides and lactulose, but
currently there is increasing interest in the identification and
development of new prebiotic compounds, perhaps with
added functionality (Menne et al. 2000; Rao 2001; Tuohy et
al. 2002).

Bergamot (Citrus bergamia Risso) peel is the primary
by-product of the processed fruit after the extraction of
essential oils and juice and represents about 60% of the dry
weight of the fruit. If not processed further, it becomes
waste and can give rise to many economic and environ-
mental problems because of its fermentability. However,
bergamot peel still contains high-value compounds, such as
pectin and polyphenols, e.g. flavonoids (Mandalari et al.
2006). Pectins are complex polysaccharides composed
largely of anhydrogalacturonic acid units. The carboxyl
groups of galacturonic acid are partially esterified by
methyl groups, and some of the hydroxyl groups may be
acetylated. The primary chain consists of α-D-galacturonate
units linked α-(1→4), with 2–4% of L-rhamnose units
linked β-(1→2) and β-(1→4) to the galacturonate units.
Pectins are commercially extracted from Citrus peel or
apple pomace and they are used in the food industry as
natural ingredients due to their gelling capacity (Thakur et
al. 1997; May 1990).

Pectic substances are hydrolysed by the action of
pectinases or pectolytic enzymes that are widely distrib-
uted in higher plants and microorganisms (Jayani et al.
2005). We have shown that incubating bergamot peel for
2 h with a commercial enzyme preparation from Aspergillus
sp. (pectinase 62L) produced a material rich in oligosaccha-
rides, while the flavonoid components were partially
deglycosylated by the action of β-glucosidases and α-
rhamnosidases. Here, we describe the potential prebiotic
properties of an enzyme-solubilised, oligosaccharide-con-
taining extract prepared from the pectinaceous cell wall
components of bergamot peel using in vitro fermentations

with representative human gut bacteria (pure and mixed
cultures).

Materials and methods

Material

Bergamot peel, consisting of a mix of the three major
cultivars, Fantastico (90%), Femminello (5%) and Castag-
naro (5%), was obtained from a bergamot processing
factory in southern Italy, and an alcohol insoluble residue
(AIR) was prepared as previously described (Mandalari et al.
2006). Pectinase 62L (endogalacturonase, 1,060 U/ml) was
obtained from Biocatalysts (Cefn Coed, Wales, UK).
Polygalacturonic acid was purchased from Sigma Chemical
(Dorset, UK). All flavone and flavanone glycoside sub-
strates and aglycones were obtained from Extrasynthese
(Genay, France). Inulin-type FOS (Raftilose P-95) were
acquired from Orafti (Kent, UK).

Bacterial strains

The following bacteria were used for pure culture growth
experiments and were obtained from the in-house culture
collection of the Institute of Food Research: Lactobacillus
casei; Lactobacillus paracasei; Lactobacillus rhamnosus;
Bacteroides fragilis; Bacteroides distonis; Clostridium
perfringens strains FD00385, FD00389, FD00412,
FD00413, 24B730201 and 26B2540598; Bifidobacterium
pseudocatenulatum; Bifidobacterium longum; Bifidobacte-
rium infantis; Bifidobacterium breve; Bifidobacterium
animalis subsp lactis and B. animalis subsp animalis.
Lactobacillus strains were grown aerobically at 37°C on
deMan–Rogosa–Sharp broth (Oxoid, Basingstoke, Hamp-
shire, UK), pH 6.2. Bacteroides and Bifidobacterium strains
were grown anaerobically at 37°C on brain heart infusion
medium (Difco, Augsburg, Germany) pH 7.2. Clostridia
strains were grown on reinforced clostridial medium,
pH 7.2, containing (per litre) bacteriological peptone
(Oxoid) 10 g, Lablemco (Oxoid) 8 g, yeast extract (Oxoid)
2.4 g, cystein.HCl 0.5 g, glucose 5 g, sodium acetate 5 g,
soluble starch 1 g and agar 0.5 g. Bacterial growth was
followed spectophotometrically at A600 on a Bioscreen C
(Labsystems, Helsinki, Finland).

Preparation of bergamot oligosaccharide (BOS)

The oligosaccharide fraction used for prebiotic testing
was obtained by enzymatic treatment of bergamot peel
(1 g) with 10 U polygalacturonase-equivalent activity of
pectinase 62L in 50 mM Na-acetate buffer, pH 5.0, for
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2 h in a shaking incubator (37°C, 100 rpm). Polygalac-
turonase (PGase) activity was determined against 1%
(w/v) orange peel pectin (Mandalari et al. 2006). One unit
of activity was defined as the amount of enzyme required to
release 1 μmol galacturonic acid min−1 at 37°C, pH 5.0.
The soluble fraction was analysed for sugars, oligosaccha-
ride profile (molecular weight distribution) and flavonoid
composition.

Sugar analysis

Hydrolysed monosaccharides were analysed as their alditol
acetates by gas chromatography (Blakeney et al. 1983).
Total uronic acid content was determined by the colorimet-
ric method of Blumenkranz and Asboe-Hansen (1973). Free
glucose was measured in bergamot oligosaccharide (BOS)
by a glucose assay kit (Sigma) following the manufacturer’s
instructions.

Flavonoid glycoside and aglycone analysis

The flavonoid glycosides and aglycones released in the
fraction after the enzyme treatment were analysed using a
Phenomenex Luna C18 reverse-phase column (250×4.6 mm,
5 μm) in combination with a standard quaternary Agilent
HP1100 high-performance liquid chromatography with
diode-array detector as previously described (Mandalari
et al. 2006).

Soluble protein

Protein concentration in the oligosaccharide fraction after
enzyme treatment was determined by the method of
Bradford (1976) using the Coomassie Protein Assay
Reagent from Pierce (Chester, UK).

Size exclusion chromatography

The molecular weight distribution of the post-enzyme AIR
soluble fraction was analysed using size-exclusion chro-
matography. The fractionation system comprised of a
triplet of TSK-GEL stainless steel columns (G3000PW,
G4000PW, G6000PW) arranged in series, following a
method described by Hizukuri and Takagi (1984). The
mobile phase (Na-acetate buffer, pH 5.0) was filtered at
source. Samples (30 μl) were loaded onto the column at a
flow rate of 0.5 ml/min and peaks monitored by a Gilson
132 RI detector (Anachem, Luton, Bedfordshire, UK)
operated in analytical mode, with a cell volume of 8 μl
per channel. Data were recorded and analysed using a
Hewlett Packard “Chemstation” (Palo Alto, CA, USA).
Column calibration was performed with a variety of
standards, principally pullulans (Polymer Labs, Church

Stretton, Shropshire, UK). A typical run time for each
sample was 90 min.

Batch fermentations

Water-jacketed fermenters were filled with 135 ml of pre-
sterilised basal growth medium (peptone water 2 g/l, yeast
extract 2 g/l, NaCl 0.1 g/l, K2HPO4 0.04 g/l, KH2PO4

0.04 g/l, MgSO4.7H2O 0.01 g/l, CaCl2.6H2O 0.01 g/l,
NaHCO3 2 g/l, Tween 80 2 ml, hemin 0.02 g/l, vitamin K1

10 μl, cysteine HCl 0.5 g/l, bile salts 0.5 g/l, pH 7.0) and
inoculated with 15 ml of faecal slurry. Before addition of
the faecal slurry, prepared by homogenising 10% (w/v)
freshly voided faecal material in 0.1 M phosphate-buffered
saline (PBS), pH 7.0, the oligosaccharide fraction was
added to give a final concentration of 1% (w/v). Each
vessel was magnetically stirred and the temperature set at
37°C by a circulating water bath. Culture pH was controlled
automatically and maintained at pH 6.8. Anaerobic con-
ditions were maintained by sparging the vessels with
oxygen-free nitrogen gas at 15 ml/min. Samples (5 ml)
were taken from each vessel at the start (T0) and at intervals
over a 24-h incubation period.

Enumeration of bacteria

Bacteria were counted using fluorescent in situ hybrid-
isation (FISH), as described by Rycroft et al. (2001).
Samples were diluted four times in 4% (w/v) filtered
paraformaldehyde and fixed overnight at 4°C. Samples
were then washed twice with filtered PBS and stored at
−20°C in PBS/ethanol (1:1, v/v) until further analysis.
Hybridisation was carried out at the appropriate tempera-
ture using genus-specific 16S rRNA-targeted oligonucleo-
tide probes labelled with the fluorescent dye Cy3 for the
different bacterial groups or with 4′,6-diamidino-2-phenyl-
indole for total cell counts. The probes used were Bif 164
specific for Bifidobacterium (Langendijk et al. 1995), Bac
303 specific for Bacteroides (Manz et al. 1996), Lab 158
specific for Lactobacillus/Enterococcus spp. (Harmsen et
al. 1999), His 150 specific for Clostridium (C. perfringens/
hystolyticum subgroup) (Franks et al. 1998), EREC 482
specific for Eubacterium (Clostridium coccoides–Eubacte-
rium rectale group) (Franks et al. 1998). Hybridised
mixture was then filtered using a 0.2-μm membrane filter
(Millipore, Edinburgh, UK) and cells were counted using a
Nikon Microphot fluorescent microscope. At least 15
random fields were counted on each slide.

Statistical analysis

Differences between bacterial numbers at 0, 10 and 24 h of
fermentation for each batch culture were checked for
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significance by paired t test, assuming equal variances and
considering both sides of distribution. Differences were
significant at P<0.05.

Results

Oligosaccharide characterisation

The sugar composition of the oligosaccharide extract
derived from bergamot peel AIR after treatment with
pectinase 62L is shown in Table 1. While glucose was the
main sugar present in the AIR (35% of the total),
galacturonic acid represents the major component of the
solubilised oligosaccharide fraction (63% of the total),
showing the preferential enzyme-catalysed solubilisation
of pectinaceous material. Arabinose, galactose, glucose,
rhamnose, xylose and mannose were present in smaller
quantities in both samples. Only traces of fucose were
detected. There was virtually no free glucose present in the
soluble BOS fraction.

Previously, it has been shown that the flavonoid content,
present as glycosides, in the AIR was very low in the range
of 9.5 μg/mg (Mandalari et al. 2006). As expected, the
flavonoid content of the BOS fraction derived from the
bergamot AIR was negligible (0.5 μg/mg of total flavone
glucosides and 5.7 μg/mg of total flavanone glycosides,
corresponding to 5% of total flavonoids of the AIR). Only
trace amounts of protein (6.2 μg/mg) were detected in the
BOS fractions.

The molecular weight distribution of the fraction
obtained after enzyme treatment consistently showed the
presence of only one peak corresponding to oligomers of
molecular weights between 1,400 and 1,700 KDa. This
corresponds to potential degree of polymerisation values
between 3 and 7.

Pure culture growth experiments

Bacterial strains were initially tested for their ability to
ferment the oligosaccharide fraction (Table 2). Generally,
bifidobacteria showed higher growth rates than those of the
other strains tested. These results agree with those
previously obtained by Olano-Martin et al. (2002), where
most of the bifidobacteria tested had high growth rates on
pectic oligosaccharides (POS) derived from orange peel.
Both clostridia and bacteroides showed low growth on the
oligosaccharide fraction, while lactobacilli, with the excep-
tion of L. rhamnosus, grew better than all the clostridia or
bacteroides tested.

Batch culture fermentations

Batch culture fermenters were used to monitor the effect of
BOS and FOS addition on the mixed bacterial populations.
Samples were removed at intervals and FISH was used to
quantify the levels of different bacterial groups (Fig. 1). The
results shown in Table 3 indicate that a significant increase
in the levels of total bacteria was seen with both FOS and
BOS after 10 and 24 h of incubation. Generally, a decrease
in clostridia and an increase in bifidobacteria were observed
in response to both FOS and BOS oligosaccharides. After
24 h of incubation, the bacteroides population numbers
were similar to those at T0. An increase in the number of
lactic acid bacteria was observed with both FOS and BOS
fractions, the latter showing a greater increase. Both
oligosaccharides also significantly increased the numbers
of eubacteria, with increases of 0.28 and 0.30 log recorded

Table 1 Sugar composition of bergamot alcohol insoluble residue
(AIR) and bergamot oligosaccharide fraction (BOS) solubilised after
treatment with pectinase 62L

Sugar AIR BOS fraction

Rhamnose 7.8±1.1 19.0±1.0
Fucose 5.1±0.5 2.3±0.0
Arabinose 66.2±2.3 105.4±0.9
Xylose 29.7±1.9 12.8±0.0
Mannose 24.6±1.4 21.7±0.0
Galactose 48.1±0.9 57.4±0.5
Glucose 217.1±6.9 58.2±0.9
Galacturonic acid 216.6±5.4 482.6±5.3

Composition is expressed as micrograms per milligram of dry weight
material

Table 2 Growth rates of selected gut bacteria on 1% soluble
bergamot oligosaccharide (BOS) fraction (mean value of three
replicates)

Microorganism Mean growth
rate (μh−1) ±SD

Lactobacillus casei 2.59±0.09
Lactobacillus paracasei 2.84±0.11
Lactobacillus rhamnosus 0.89±0.01
Bacteroides fragilis 0.46±0.03
Bacteroides distonis 0.18±0.01
Clostridium perfringens strain FD00385 0.36±0.02
Clostridium perfringens strain FD00389 0.31±0.01
Clostridium perfringens strain FD00412 0.31±0.01
Clostridium perfringens strain FD00413 0.35±0.02
Clostridium perfringens strain 24B730201 0.41±0.03
Clostridium perfringens strain 26B2540598 0.29±0.02
Bifidobacterium pseudocatenulatum 4.46±0.11
Bifidobacterium longum 4.91±0.12
Bifidobacterium infantis 2.29±0.07
Bifidobacterium breve 5.16±0.15
Bifidobacterium animalis subsp. lactis 4.29±0.11
Bifidobacterium animalis subsp. animalis 4.05±0.09
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after 10 h and 0.21 and 0.55 log recorded after 24 h for
FOS and BOS addition, respectively (Fig. 1).

To obtain a general quantitative measure of the prebiotic
effect, a prebiotic index (PI) was calculated for the
oligosaccharide fractions (Palframan et al. 2003; Sanz et
al. 2005). The PI equation is described as follows: PI=(Bif/
Total)+(Lac/Total)+(Erec/Total)−(Bac/Total)−(Clos/Total),
where Bif is bifidobacterial numbers at sample time/numbers
at inoculation, Lac is lactobacilli numbers at sample time/
numbers at inoculation, Erec is eubacteria numbers at sample

time/numbers at inoculation, Bac is bacteroides numbers at
sample time/numbers at inoculation, Clos is clostridia
numbers at sample time/numbers at inoculation and Total is
the total bacteria numbers at sample time/numbers at
inoculation. The PI represents a comparative relationship
between the growth of “beneficial” bacteria, such as
bifidobacteria, lactobacilli and eubacteria, and that of the
“undesirable” ones, such as clostridia and bacteroides, in
relation to the changes of the total number of bacteria
(Fig. 2). Values at 10 h of incubation were higher than those
at 24 h in all of the samples. The BOS fraction produced the
greatest PI values of 6.90 and 6.55, followed by FOS with
6.12 and 3.43, at 10 and 24 h of incubation, respectively.

Discussion

The present study has demonstrated the prebiotic potential
of a POS-rich fraction generated from a by-product of the
Citrus-fruit-processing industry treated with a fungal
pectinolytic preparation. Recently, it has been demonstrated
that POS from orange peel showed prebiotic properties
increasing the bifidobacterial and E. rectale numbers
(Manderson et al. 2005). Bergamot is mostly used for the
extraction of its essential oil, which is widely used in
cosmetic and food industries (Salah et al. 1995). Bergamot
peel, which consists of 60% of the total weight of the fruit,
is the primary by-product of the essential oil extraction and,
if not processed further, becomes waste and gives rise to
serious environmental pollution.

Modulation of the gut microflora composition using
prebiotics is a functional aspect of gut microbiology. It is
believed that the colonic microflora plays an important role
in host health, and this may be fortified by targeting
beneficial colonic bacteria, e.g. a reduced risk of colorectal

Table 3 Changes in bacterial population (log 10 cells/ml) in batch
cultures after 10 and 24 h of incubation

Time (h) Control FOS BOS

Total bacteria 0 9.20±0.02
10 9.15±0.08 9.25±0.01 9.54±0.07a

24 9.24±0.07 9.41±0.02b 9.67±0.02b

Bifidobacteria 0 8.05±0.07
10 8.07±0.03 8.72±0.08a 9.02±0.02a

24 7.99±0.04 8.67±0.01b 9.11±0.05b

Bacteroides 0 8.31±0.13
10 8.32±0.01 8.41±0.01a 8.22±0.03a

24 8.34±0.02 8.43±0.06b 8.25±0.02
Clostridia 0 7.49±0.01

10 7.58±0.03 7.07±0.03a 7.07±0.04a

24 7.57±0.04 7.34±0.01b 7.21±0.09b

Eubacteria 0 8.36±0.04
10 8.38±0.00 8.64±0.02a 8.66±0.07a

24 8.40±0.02 8.57±0.03b 8.91±0.02b

Lactobacillus 0 7.66±0.01
10 7.65±0.03 7.94±0.03a 8.33±0.03a

24 7.68±0.02 7.90±0.04b 8.41±0.05b

Bacterial counts were obtained using fluorescent in situ hybridisation
(FISH)

a Significantly different from control at 10 h (P<0.05)
b Significantly different from control at 24 h (P<0.05)

Fig. 1 Differences in the bacte-
rial population size [black bars
fructo-oligosaccharides (FOS);
white bars bergamot oligosac-
charide fraction (BOS)] com-
pared to the total bacteria
counted [(selected bacterial
numbers at 24 h/total bacteria
counted at 24 h)−(selected
bacterial numbers at 0 h/total
bacteria counted at 0 h)]
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cancer (Rowland 1988; Olano-Martin et al. 2000). Further-
more, lactic acid bacteria have immunomodulatory effects
influencing the interactions between bacterial cell wall
components and immune cells, and it is believed that
prebiotics may have a similar effect (Schiffrin et al. 1995).
There is also evidence that lactic acid bacteria, and hence,
prebiotics that increase lactic acid bacterial growth, influ-
ence blood lipids leading to a reduction of total and LDL
cholesterol levels (Delzenne and Kok 1999). One of the
strongest health benefits proposed for prebiotics is the
barrier function against invading gastrointestinal pathogens,
such as campylobacters, salmonellas and Escherichia coli
(Gibson and Roberfroid 1995). Therefore, attempts to
identify and develop novel, enhanced prebiotics as func-
tional foods that are able to modulate the composition of
human colonic microflora are currently of great interest.

To evaluate the prebiotic activity of new compounds, it
is necessary to analyse the evolution of the individual and
mixed bacterial population in the presence of the carbohy-
drate source being tested. The behaviour of different
bacteria in the fermentation of a carbohydrate source could
vary in pure and mixed cultures due to synergistic,
antagonistic and/or competitive effects. The fermentation
process in the gut is a complex process whereby many
metabolic pathways are carried out by different groups of
bacteria. The end products from one group could be
metabolised by others that cannot directly metabolise the
original source substrate (Gibson and Roberfroid 1995).
Therefore, in this study, the effects of the BOS fraction
were tested using both pure and pH-controlled mixed
cultures to evaluate the potential prebiotic effect of
bergamot-derived pectic-oligosaccharides.

When a prebiotic arrives in the colon, it should usually be
selectively fermented by probiotic bacterial genera, such as
Bifidobacterium and Lactobacillus (Gibson and Roberfroid
1995). Previous studies have demonstrated that POS have a
bifidogenic effect, and selected bifidobacteria showed high
growth rates on these substrates (Olano-Martin et al. 2002).

In this study, the majority of the bifidobacteria grew better
on the bergamot oligosasaccharides compared to the other
selected gut bacteria. On the other hand, all of the
Bacteroides and Clostridium species showed very low
growth on the BOS substrate. This clearly indicates that
the BOS may allow a prebiotic effect by preferentially
enhancing the growth of bifidobacteria and reducing the
growth of bacteroides and clostridia. The presence of
bergamot extract induced the growth of both bifidobacteria
and lactobacilli, while only bifidobacteria growth was
enhanced with orange peel substrates (Olano-Martin et al.
2002).

In mixed culture the behaviour of BOS was similar.
Bifidobacteria and lactobacilli grew well and their numbers
significantly increased by 1.06 and 0.75 log compared to
T0, whereas clostridia numbers decreased by 0.28 log and
bacteroides levels were not significantly altered. At both 10
and 24 h the PI values were higher than FOS, for which
prebiotic effects have consistently been demonstrated in
different human volunteer studies (Gibson et al. 1995;
Roberfroid et al. 1998). After 24 h, the PI score of BOS
slightly decreased, while the decrease in the PI value with
FOS was even greater. This is probably due to a different
composition of the two materials; FOS being utilised quicker
than BOS. A different pattern in PI scores was reported by
Manderson et al. (2005), where the PI of an orange peel
POS increased between 10 and 24 h. This is probably the
reflection of differences in the structural composition of
the two oligosaccharide materials and also variation in the
bacterial composition of the faecal material used. In contrast
to BOS, the PI values of POS were reported to be lower than
those of FOS.

On the basis of the data obtained through in vitro
fermentations, oligosaccharides from bergamot exhibited a
potential to be used as an effective source of prebiotics,
increasing the populations of bifidobacteria, lactobacilli and
eubacteria and decreasing the numbers of clostridia. Al-
though these in vitro studies show promising prebiotic
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scores from batch cultures at
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(BOS) compared with untreated
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function for BOS to be effective in vivo, more detailed
studies on the digestibility of BOS need to be performed
using human volunteers.
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