APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Mar. 2006, p. 1925-1931

0099-2240/06/$08.00+0  doi:10.1128/AEM.72.3.1925-1931.2006

Vol. 72, No. 3

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Supplementation of the Diet with High-Viscosity Beta-Glucan Results

in Enrichment for Lactobacilli in the Rat Cecum

Jennifer Snart,’ Rodrigo Bibiloni,' Teresa Grayson,' Christophe Lay,” Haiyan Zhang,'
Gwen E. Allison,'* Julie K. Laverdiere,' Feral Temelli,' Thavaratnam Vasanthan,’
Rhonda Bell,' and Gerald W. Tannock"-**

Department of Agricultural, Food and Nutritional Science, University of Alberta, Edmonton, Alberta, Canada'; Department of

Microbiology and Immunology, University of Otago, Dunedin, New Zealand* and School of Biochemistry
and Molecular Biology, The Australian National University, Canberra, Australia®

Received 27 October 2005/Accepted 28 December 2005

BBn (BioBreeding) rats were fed casein-based diets supplemented with barley flour, oatmeal flour, cellulose,
or barley B-glucans of high [HV] or low viscosity [LV] in order to measure the prebiotic effects of these
different sources of dietary fiber. The dietary impact on the composition of the cecal microbiota was determined
by the generation of denaturing gradient gel electrophoresis (DGGE) profiles of PCR-amplified 16S rRNA gene
sequences. The DGGE profiles produced from the cecal microbiota of rats within each dietary group were
similar, but consensus profiles generated from pooled bacterial DNAs showed differences between rat groups.
Animals fed HV glucans (HV-fed rats) had DGGE consensus profiles that were 30% dissimilar from those of
the other rat groups. A 16S rRNA gene fragment that was more conspicuous in the profiles of HV-fed animals
than in those of cellulose-fed rats had sequence identity with Lactobacillus acidophilus. Measurements of
L. acidophilus rRNA abundance (DNA-RNA hybridization), the preparation of cloned 16S rRNA gene libraries,
and the enumeration of Lactobacillus cells (fluorescent in situ hybridization) showed that lactobacilli formed
a greater proportion of the cecal microbiota in HV-fed rats. In vitro experiments confirmed that some
lactobacilli utilize oligosaccharides (degree of polymerization, 3 or 4) present in -glucan hydrolysates. The
results of this study have relevance to the use of purified 3-glucan products as dietary supplements for human

consumption.

Bacterial communities (microbiota) of considerable bio-
diversity populate the large bowels of animals, including hu-
mans, and influence the physiology, biochemistry, and immu-
nology of the animal host (19, 22). It has been proposed that
altering bacterial activities in the bowel could promote the
general health of humans or be used in the prophylaxis or
treatment of specific diseases (30). Such health-related mea-
sures would involve modification of the composition or func-
tioning of bacterial communities, which might be achieved
through the use of probiotics or prebiotics (30).

Probiotic products contain bacterial cells that are often ad-
ministered in food or as dietary supplements (30). These bac-
teria are allochthonous to the bowel of the consumer and have
a transient existence there: they are detectable in the feces of
the consumer only during the period of probiotic adminis-
tration (reviewed in reference 7). Prebiotics, in contrast, are
dietary components or supplements that pass undigested
through the small bowel. In the large bowel, they have the
potential to become sources of carbon and energy for bacterial
residents (autochthonous strains) and thus to boost bacterial
numbers or metabolism (16). Most prebiotic research has been
directed at the effects of inulin or fructo-oligosaccharide con-
sumption, with a lesser interest in galacto-oligosaccharides (1,
11). This research has focused on members of the bacterial
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genus Bifidobacterium that are physiologically endowed for the
uptake and well-regulated catabolism of complex carbohy-
drates (35). Other plant polymers, such as B-glucans (polymers
of glucose residues linked by B1-3 or B1-4 glycosidic bonds),
have been neglected in prebiotic research, even though they
are a major component of grains such as barley and oats and
are therefore common in the food of farm animals and humans
(12). The consumption of B-glucans has been associated with
potential health benefits for humans, such as reducing post-
prandial glycemia in type 2 diabetic patients and a reduction of
hyperlipidemia and hypercholesterolemia (8, 9, 13, 23, 38). The
amounts of B-glucans produced by cereals vary according to
plant variety, growth conditions, and postharvest handling and
processing (14, 24). B-Glucans can be purified and processed,
however, providing the opportunity to produce products that
could be added to foods to promote specific bacteriological
and physiological phenomena in the bowel. Therefore, the aim
of our study was to measure the impact on the gut microbiota
of rats of the consumption of diets supplemented with B-glu-
cans extracted from barley flour.

MATERIALS AND METHODS

Preparation of HV and LV B-glucans for inclusion in rat diets. High-purity,
high-viscosity (HV) B-glucan products were prepared by alkaline extraction
(sodium bicarbonate at pH 9, 55°C, 1 h) of B-glucan from barley flour (grains
pearled to 30% and pin milled), followed by removal of starchy residue by
centrifugation, inactivation of endogenous enzymes by heat treatment of the
supernatant (85°C, 1 h), and digestion of residual starch with heat-stable a-amy-
lase (Termamyl). Proteins were then removed by first precipitating them by the
addition of hydrochloric acid until the isoelectric point (pH 5.0) was reached,
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TABLE 1. Amounts and sources of macronutrients and fiber in
rat diets®

Value for indicated diet
HV LV

M trient
acronutrien Barley Oatmeal Cellulose

Total amount of diet (g) 1,010.4 1,015.1 997.0 989.2  999.9

Total protein (g/kg) 267.8  269.8 264.8 2606.9 270
Casein 2633  266.7 2583 259 270
B-Glucan 4.5 3.1
Barley flour 6.5
Oatmeal flour 79

Total lipids (g/kg) 200.4 2004 297.3 2015 200.4
Soybean stearine 131 131 129 130 131
Safflower oil 62 62 60 61 62
Linseed oil 7.4 7.4 7.1 7.2 7.4
Barley flour 12
Oatmeal flour 33

Total carboydrates (g/kg)  379.2  382.2 3762 372 378

Corn starch 378 381.7 346.7 330 378
B-Glucan 1.2 0.5
Barley flour 29.5
Oatmeal flour 42

Total fiber (g/kg) 78 788 792 773 80
Cellulose 22 22 75.3 75 80
B-Glucan 56 56.8
Barley flour 3.9
Oatmeal flour 2.3

“ Micronutrients were added to the diets in the form of AOAC vitamin mix
(Association of Official Analytical Chemists) (10 g/kg) and Bernhart-Tomarelli
mineral mix (Harlan Teklad, Madison, WI) (50 g/kg). The diets contained ap-
proximately 25, 34, and 41% of total energy derived from protein, carbohydrate,
and fat, respectively.

followed by centrifugation. Finally, precipitation of B-glucan was achieved by the
addition of an equal volume of ethanol, and then the B-glucan was washed with
ethanol and air dried (10). A low-viscosity (LV) B-glucan product was obtained
by exposing the HV B-glucan solution to excess shear, using a Microfluidizer
processor (M-110 EH; Microfluidics, Newton, MA) at a pressure between 15,000
and 20,000 Ib/in®. The low-viscosity B-glucan was then recovered by ethanol
precipitation and air dried.

The B-glucan contents of the fractions were determined by an enzymatic assay
(28) using a kit (Megazyme Inc., Wicklow, Ireland). Nitrogen contents were
determined using a nitrogen analyzer (model FP-428; Leco Instruments Ltd.,
Mississauga, ON), and protein contents were estimated based on the nitrogen
contents, using a conversion factor of 6.25. Starch contents were determined as
described by Bhatty (4). The viscosities of B-glucan solutions were determined
using a UDS 200 dynamic spectrometer (rheometer; PAAR Physica, Glen Allen,
VA), in control shear rate mode, equipped with a DG27 double-gap cup and bob
and a Peltier temperature control unit. Viscosities were determined in duplicate
at a shear rate of 129 s=! (100 rpm). The instrument was calibrated with S3
standard oil (3.408 mPa s~ ! at 25°C; Cannon Instrument Co., State College, PA).
Tests were performed at 20°C.

Experimental animals and diets. BBn (BioBreeding) rats were obtained from
a colony maintained at the Department of Agricultural, Food, and Nutritional
Science at the University of Alberta. Experimental procedures used in the study
were approved by the Faculty of Agriculture, Forestry and Home Economics’
Animal Policy and Welfare Committee (protocol 2002-19C), and the animals
were maintained according to the guidelines of the Canadian Council on Animal
Care. Rats were housed in temperature- and humidity-controlled rooms with a
12-h light-dark cycle. Pregnant dams were fed standard rat chow (5001 rodent
diet; Lab Diet, Brentwood, MO) until their litters were born. On the day of pup
birth, the dams’ diet was switched to a semipurified casein-based diet containing
nonnutritive cellulose (Harlan-Teklad, Madison, WI) as the fiber source (cellu-
lose diet; Table 1). Dams remained on this diet until the rat pups were weaned.
Groups of BBn weanling rats (21 days) were then fed one of five experimental
diets. Six rats per dietary group were used for bacteriological analyses. The diets
were semipurified and casein based, with different fiber compositions, as follows:
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approximately 8% (wt/wt) of the total fiber was derived from either HV B-glucan
(228 mPa s™'), LV B-glucan (27 mPa s™'), barley flour, oatmeal flour, or
nonnutritive cellulose. Barley and oatmeal flours were prepared from 18 to 20%
pearled grains by grinding. The macronutrient and fiber compositions of the diets
are shown in Table 1. At 35 days of age, rats were euthanized with halothane
(MTC Pharmaceutical, Cambridge, Ontario, Canada). The cecum of each rat
was removed, snap frozen in liquid nitrogen, and stored at —80°C until assayed.

DNA and RNA extractions from rat cecal contents. Bacterial DNAs and RNAs
were extracted from cecal contents as previously described by Walter et al. (41)
and Tannock et al. (37). Briefly, bacterial cells in homogenates of cecal contents
were lysed mechanically, and DNAs were purified using phenol-chloroform
treatment and ethanol precipitation. RNAs were purified by phenol-chloroform
treatment, isopropanol and ethanol precipitations, and the use of QIAGEN
RNA/DNA columns (QIAGEN, Victoria, Australia).

PCR and RT-PCR. PCRs were conducted with either individual or pooled
bacterial DNAs or RNAs as templates. Pooled samples (consensus profiles) were
prepared by combining 1 pl of each nucleic acid sample from the rats in a specific
dietary group. The V3 region of the 16S rRNA gene was amplified in a Gene-
Amp PCR System 9700 thermocycler (Applied Biosystems, Foster City, CA),
using universal bacterial primers HDA1-GC and HDA2 described by Walter et
al. (41) (HDA1-GC, 5'-CGC CCG GGG CGC GCC CCGT GGC GGG GCG
GGG GCG CGG GGG GAC TCC TAC GGG AGG CAG CAG T-3' [bold type
indicates the GC clamp]; and HDA2, 5'-GTA TTA CCG CGG CTG CTG GCA
C-3'). Reverse transcription-PCR (RT-PCR) was performed using a QIAGEN
One-Step RT-PCR kit. Each 50-pl reaction mixture was prepared with HDA
primers at a concentration of 0.6 M and with 10 to 40 ng of template DNA.
Amplification was performed as described by Tannock et al. (37). The PCR and
RT-PCR products were checked by electrophoresis using a 2% agarose gel prior
to analysis.

Generation of cecal microbiota profiles by DGGE. Denaturing gradient gel
electrophoresis (DGGE) analysis was performed using the Bio-Rad DCode
universal mutation detection system (Hercules, CA) as described by Walter et al.
(41). The gels contained a 30 to 55% gradient of 7.0 M urea and 40% (vol/vol)
formamide increasing in the direction of electrophoresis. Electrophoresis was
conducted with a constant voltage of 130 V at 60°C for 4 h. Gels were stained
with ethidium bromide solution, washed with deionized water, and visualized by
UV transillumination. DGGE profiles were compared using Dice’s similarity
coefficient (D) with the Bionumerics software package (Applied Maths, Austin,
TX). When performing D, analysis, profiles were only compared within the same
gel, not between gels. A position tolerance of 3.0% was used for all analyses.

Bacterial origin of DNA fragments. DNA fragments of interest were asepti-
cally excised from the polyacrylamide gel and extracted as described by Knarre-
borg et al. (25). Cloning, sequencing, and other procedures have been reported
previously (37). Sequencing was performed by the Agricultural, Food and Nu-
tritional Science Biotech Core, University of Alberta. The sequences were com-
pared with those in the NCBI database by using the BLASTN algorithm (2).

Preparation of 16S rRNA gene clone libraries. Libraries were prepared from
c¢DNAs generated by RT-PCR from pooled RNAs extracted from rats fed diets
of cellulose and HV glucans (referred to hereafter as cellulose- and HV-fed rats).
The PCR primers SaclI-POmod and HDA-2 (34, 41) were used to amplify a
partial sequence of the 16S rRNA gene (528 bp; nucleotides 11 to 539). PCRs
were performed with a GeneAmp PCR System 9700 thermocycler (Applied
Biosystems, Foster City, CA), using a QIAGEN Taq core kit (QTAGEN, Canada),
in a total volume of 50 pl according to the manufacturer’s instructions. The PCR
program included preheating at 95°C for 4 min, 25 cycles of denaturation (1 min
at 95°C), annealing (1 min at 58°C), and extension (2 min at 72°C), and a final
extension at 72°C for 7 min. The 16S rRNA gene amplicons were ligated into
vector pCR2.1-TOPO (Invitrogen, Canada), and One Shot Top10 (Invitrogen,
Canada) competent Escherichia coli cells were chemically transformed as de-
scribed by the manufacturer. Recombinant cells were grown on Luria-Bertani
(LB) agar plates containing 100 pg of ampicillin per ml and 40 pg of X-Gal
(5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) per ml. For each clone li-
brary, 200 white colonies were picked with a sterile toothpick, checked by sub-
culture to confirm color selection, and stored in 96-well microtiter plates con-
taining 200 .l of LB freezing buffer (42) per well. Plates were incubated at 37°C
overnight, duplicated, and stored at —80°C until further analysis. Cloned 16S
rRNA gene sequences were determined using M13 primers by the Molecular
Biology Services Unit at the University of Alberta, and the retrieved sequences
were compared to those in the NCBI database by using the BLASTN algorithm (2).

DNA-RNA dot blot hybridizations. The abundance of Lactobacillus acidoph-
ilus TRNAs in cecal contents of HV- and cellulose-fed rats was determined by dot
blot hybridizations using 16S or 23S rRNA-targeted oligonucleotide probes (3,
29). RNA extraction from cecal contents and reference bacterial cultures, label-
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TABLE 2. Probes, targets, and hybridization and washing conditions used in dot blot analysis

Temp (°C) for:

Probe (reference) Sequence (5'-3") Target Washing solution
Hybridization Washing
Eub 338 (3) GCTGCCTCCCGTAGGAGT Bacteria 42 59 1 X SSC-0.5% SDS
Lba 23S (29) TCTTTCGATGCATCCACA L. acidophilus 40 49 2 X SSC-0.5% SDS

ing of the probes, and dot blot hybridizations were achieved as described previ-
ously (6). The oligonucleotide probes and hybridization conditions used in these
experiments are shown in Table 2. RNAs extracted from cecal contents and
dilutions of RNA extracted from a pure culture of Lactobacillus acidophilus
MBA443, as well as dilutions of RNA from Escherichia coli (strain W; Sigma, St.
Louis, MO), were immobilized on nylon membranes. Hybridizations were car-
ried out overnight at appropriate temperatures (Table 2). After washing of the
membranes, hybridization signals on the dot blots were detected by autoradiog-
raphy at room temperature, and films were scanned and analyzed using Quantity
One software (version 4.2; Bio-Rad Laboratories). The abundance of rRNA
from the Lactobacillus population (Lba 23S probe) was expressed as a proportion
of the total microbiota by reference to the bacterial domain probe (Eub 338).

Enumeration of lactobacilli in cecal contents by fluorescent in situ hybridiza-
tion (FISH)/flow cytometry. Cecal contents were homogenized (1/10) in phos-
phate-buffered saline (PBS; 130 mM NaCl, 3 mM NaH,PO,, 7 mM Na,HPO,,
pH 7.2) by vortex mixing with glass beads (3-mm diameter) for 3 min. Three
hundred microliters of the suspension was added to 900 pl of 4% paraformal-
dehyde (wt/vol). After overnight storage at 4°C, the preparation was centrifuged
at 7,600 X g for 5 min at 4°C. The pellet was suspended in 1 ml of PBS and then
centrifuged at 7,600 X g for 5 min at 4°C. Finally, the pellet was resuspended in
400 pl of PBS, to which 400 pl of ice-cold ethanol was added. Six preparations per
sample (800 pul each) were stored at —20°C in microcentrifuge tubes. Cecal samples
from six rats fed the HV diet and four rats fed the cellulose diet were analyzed.

Probe Eub 338 (5'-GCTGCCTCCCGTAGGAGT-3") (3) was used as the
positive control. Probe NON 338 (5'-ACATCCTACGGGAGGC-3'), designed
by Wallner et al. (39), was used as the negative control. The control probes were
covalently linked at the 5" end either to fluorescein isothiocyanate (FITC) or to
the sulfoindocyanine dye indodicarbocyanine (Cy5). Probe Lab 158 (5'-GGT
ATTAGCAYCTGTTTCCA-3") (20), specific for the Lactobacillus-Enterococcus
group, was linked at the 5’ end to either Cy5 or FITC. Probe Lba 23S (used in
dot blot hybridizations), targeting L. acidophilus, was linked at the 5’ end to Cy5.
Validation of probe Lba 23S was performed with L. acidophilus ATCC 4356 as
described previously (27). All of the probes were purchased from MWG Biotech
(Bangalore, India).

For each cecal sample, three fixed (see above) 800-pl preparations were
pooled as follows. Each tube was centrifuged at 14,600 X g for 5 min. The
resulting bacterial pellets were then pooled in a single tube and suspended in 1
ml of PBS. The bacterial cells were harvested by centrifugation at 14,600 X g for
5 min and then resuspended in 1 ml of Tris-EDTA buffer (100 mM Tris-HCI, pH
8.0, 50 mM EDTA). After being washed in Tris-EDTA buffer, the pellets were
resuspended in Tris-EDTA buffer containing 1 mg of lysozyme per ml (Serva,
Heidelberg, Germany) and left for 10 min at room temperature. The cells were
then washed in PBS and suspended in 1 ml of hybridization solution (900 mM
NaCl, 20 mM Tris-HCI, pH 8.0, 0.01% sodium dodecyl sulfate [SDS], 30%
formamide). Fifty-microliter aliquots were used for FISH with control and
group-specific probes. Hybridizations were performed overnight at 35°C in micro-
centrifuge tubes protected from light and containing the appropriate probe at a
final concentration of 4 ng per pl. Following hybridization, 150 wl of hybridiza-
tion solution was added to each tube, and the bacterial cells were harvested by
centrifugation at 14,600 X g for 5 min at room temperature. The cells were then
resuspended and incubated at 37°C for 20 min in 200 wl of washing solution (65
mM NaCl, 20 mM Tris-HCI, pH 8.0, 5 mM EDTA, pH 8.0, 0.01% SDS). After
a final centrifugation, the cells were suspended in 150 pl of PBS, and 100-ul
aliquots were added to 500 wl of PBS for data acquisition by flow cytometry.

A FACSCalibur flow cytometer (Becton Dickinson) was used to determine the
compositions of bacterial populations as described previously (26, 27, 32, 33).
The cytometer was equipped with an air-cooled argon ion laser providing 15 mW
at 488 nm combined with a 635-nm red-diode laser. All of the parameters were
collected as logarithmic signals. The 488-nm laser was used to measure the
forward-angle light scatter (488-nm band-pass filter), the side-angle light scatter
(488-nm band-pass filter), and the green fluorescence intensity conferred by
FITC-labeled probes (FL1; 530-nm band-pass filter). The red-diode laser was
used to detect the red fluorescence conferred by Cy5-labeled probes (FL4;

660-nm band-pass filter). The acquisition threshold was set in the side scatter
channel. The rate of events in the flow was generally below 3,000 events/s. A total of
100,000 events were stored in list mode files. Subsequent analyses were conducted
using CellQuest software (Becton Dickinson, Erembodegem-Aalst, Belgium).

The enumeration of bacterial groups was performed as described by Lay et al.
(26), where a group probe labeled with Cy5 was combined with the EUB 338-
FITC probe. An FL1 histogram was used to evaluate the total number of bacteria
hybridizing with the EUB 338-FITC probe. A region, R1, was delineated in this
histogram to define all of the events considered to represent bacterial cells.
Region R1 was used to gate all density plots. For each Cy5-labeled specific
probe, a rectangular region was delineated within the density plot to encompass
double-labeled bacteria. These regions permitted the positioning of histogram
markers which defined the sections for which the area under the curve could be
integrated and bacterial cells counted. These steps allowed an estimation of the
proportion of the bacterial group targeted by the Cy5-labeled probe as a pro-
portion of total bacteria (Eub 338-FITC-labeled cells). This proportion was
corrected for background fluorescence using the data relating to the negative
control probe NON 338. The enumeration of L. acidophilus cells within the
Lactobacillus-Enterococcus group was performed by combining the Lba 23S
probe labeled with Cy5 with the Lab 158-FITC probe.

Preparation of B-glucan hydrolysates for in vitro studies. Ten grams of puri-
fied HV B-glucan (see above) was slowly added to 1 liter of 19 mM sodium
phosphate buffer, pH 6.5, with continuous stirring. After 30 min at 50°C, the
temperature was increased to 100°C and held for 5 min. After cooling to 40°C,
lichenase (Megazyme; EC 3.2.1.73) was added (1 U per 100 mg of B-glucan for
partial hydrolysis [hydrolysate 1] or 20 U per 100 mg of B-glucan for a hydroly-
sate enriched in oligosaccharides with a degree of polymerization [DP] of 3 or 4
[hydrolysate 2]), and the mixture was incubated at 40°C for 1.5 h with continuous
stirring. The mixture was then boiled for 5 min to inactivate the enzyme. An
equal volume of ethanol was added to the mixture and held at 20°C for 1 h. After
centrifugation at 5,000 X g for 10 min at 20°C, the supernatant was rotary
evaporated almost to dryness and then freeze-dried. The compositions of the
hydrolysates were determined by high-performance liquid chromatography
(HPLC)-evaporative light-scattering detection (see below).

Utilization of oligosaccharides in B-glucan hydrolysates, as measured by
HPLC. The utilization of oligosaccharides in B-glucan hydrolysates was mea-
sured by the culture of strains of lactobacilli (L. acidophilus ATCC 43567,
Lactobacillus crispatus ATCC 33820, Lactobacillus gasseri ATCC 333237, Lacto-
bacillus johnsonii ATCC 33200", Lactobacillus hamsteri ATCC 438517, and
Lactobacillus ruminis strains ATCC 277807, ATCC 27781, and ATCC 27782) in
peptone-yeast extract medium supplemented with vitamin K-hemin, Tween 80, and
L-cysteine (21) and containing a 2% (wt/vol) concentration of hydrolysate. Ten
milliliters of prereduced culture medium was inoculated with 100 wl of an
overnight Lactobacillus culture in peptone-yeast extract medium containing 1%
(wt/vol) glucose. The cultures were incubated anaerobically for 72 h. One mil-
liliter of culture supernatant was used for HPLC-evaporative light-scattering
detection using a SUPELCOSIL LC-NH, column (25 cm by 4.6 mm by 5 pm;
Supelco) equipped with a Hewlett Packard series 1050 autosampler (Agilent
Technologies, Wilmington, Delaware), an Alltech 500 evaporative light-scatter-
ing detector (Alltech, Deerfield, IL), and a Varian 9010 solvent delivery system.
The temperature of the detector was 125°C, the gas pressure was >10 Ib/in?, and
the gas flow rate was 3 liters/min. Eluents A and B were water (HPLC-grade) and
acetonitrile, respectively. The solvent gradient used was as follows: 8% (vol/vol)
A and 92% B for 35 min; 35% A and 65% B for 35 min; 55% A and 45% B for
5 minutes, with a hold for an additional 10 min; and a change to 8% A and 92%
B over a period of 5 min, with a hold for an additional 5 min. The mobile phase
had a flow rate of 1.0 ml/min. The sample injection volume was 10 wl, and the
total running time was 60 min. Peak integration was performed using the Shi-
madzu Class-VP chromatography laboratory automated software system (Shi-
madzu Scientific Instruments Inc., Columbia, MD). The utilization of specific
oligosaccharide fractions (DP) was determined by reference to amounts of oli-
gosaccharides measured in uninoculated medium containing B-glucan hydroly-
sate.
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FIG. 1. Similarity of consensus DGGE profiles generated from
the cecal microbiota of rats fed HV (H), LV (L), oatmeal (O), barley
(B), and cellulose (C) diets. Bar = Dice’s similarity coefficient (70 to
100%).

RESULTS

Cecal microbiota DGGE profiles. The compositions of the
cecal microbiota, as reflected by DGGE profiles generated
from bacterial DNAs, differed between dietary groups (Fig. 1).
Consensus profiles (prepared from six animals per group) for
rats fed cellulose, barley flour, or oatmeal flour were approx-
imately 90% similar, but the profiles for LV- and HV-fed rats
were about 20% and 30% dissimilar, respectively, to those of
the other groups. The cecal profiles for rats in the same dietary
group were similar except in the case of animals fed the LV
diet, where there was considerable animal-to-animal variation
(Table 3). A comparison of DGGE profiles generated from

TABLE 3. Similarities of DGGE profiles within dietary groups
(six rats per group)

Dietary Dice similarity
group coefficient (%)
HV 80.0
LV 66.3
Barley 85.7
Oatmeal 81.0
Cellulose 82.1

APPL. ENVIRON. MICROBIOL.

Cellulose HV
12 3 45 61 2 3 45 6

FIG. 2. DGGE profiles generated from bacterial DNAs extracted
from the cecal contents of rats fed a cellulose or HV diet. Six rats per
group (lanes 1 to 6) were used. 16S rRNA gene sequences with greater
staining intensities in HV-fed rat profiles than in cellulose-fed rat
profiles are circled. These sequences were subsequently shown to orig-
inate from L. acidophilus.

pooled DNAs or RNAs extracted from the cecal contents of
cellulose- or HV-fed animals (six animals per group) showed
that the profiles were similar regardless of the nucleic acid
used as a template (D, 88.9% and 85.7%, respectively). A 16S
rRNA gene fragment that was more apparent in the profiles of
HV-fed animals than in those of cellulose-fed rats was excised
from the DGGE gel, cloned, and sequenced (Fig. 2). The
sequence had identity with a fragment from L. acidophilus
(100% identity over a total sequence length of 200 bp).

16S rRNA gene clone libraries. Comparison of the 16S
rRNA gene libraries prepared from cDNAs showed that Lacto-
bacillus sequences were more prevalent in the library prepared
from HV-fed rats (51.25%) than in that prepared from rats
consuming the cellulose diet (2.5%). The Lactobacillus se-
quences showed similarity to those of members of the
L. acidophilus group (92 to 100% identity), including L. john-
sonii (97.8 to 100% identity). One clone had low identity with
L. hamsteri (92.6%).

Abundance of Lactobacillus 16S rRNAs, as measured by dot
blot hybridizations. The abundance of rRNAs derived from
L. acidophilus, expressed as a percentage of the total micro-
biota TRNA, was greater in cecal contents from HV-fed rats
than in those from cellulose-fed animals (Fig. 3) (in Mann-
Whitney test, P = 0.0411).

Enumeration of lactobacilli in cecal contents. FISH probes
targeting members of the Lactobacillus-Enterococcus group or
L. acidophilus showed that populations of these bacteria were
larger in HV-fed rats than in cellulose-fed animals (Fig. 3) (in
Kruskal-Wallis nonparametric analysis of variance test, P <
0.01). L. acidophilus populations were approximately 40-fold
larger in animals fed the HV diet.

Utilization of oligosaccharides in (-glucan hydrolysates.
Culture medium supplemented to a final concentration of 2%
B-glucan hydrolysate 1 contained oligosaccharides with a DP
ranging from 3 to 7, whereas hydrolysate 2 contained oligosac-
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FIG. 3. (A) Relative abundance of L. acidophilus rRNAs in cecal
contents of HV- and cellulose-fed rats, as determined by dot blot
DNA-RNA hybridizations. Means and standard errors of the means
are shown for six rats per group. (B) Measurements of cecal bacterial
populations using FISH/fluorescence-activated cell sorting. HV, rats
fed the HV diet; cellulose, rats fed the cellulose diet; Lab 158, oligo-
nucleotide probe specific for Lactobacillus-Enterococcus group; Lba
23S, probe specific for L. acidophilus; Lba 23S/Lab 158, proportion of
bacterial cells detected by Lab 158 probe that also hybridized with the
Lba 23S probe. Means and standard errors of the means are shown for
six rats per HV diet group and four rats per cellulose diet group.

charides with a DP of 3 to 5. L. gasseri ATCC 333237, L.
johnsonii ATCC 332007, L. crispatus ATCC 338207, L. ham-
steri ATCC 438517, and the L. ruminis strains utilized lower-
molecular-weight oligosaccharides in hydrolysate 1 (data not
shown). Maximal cell densities determined spectrophotometri-
cally (4¢0) after 72 h of incubation ranged from 1.0 to 2.7. The
type culture strain of L. acidophilus did not utilize the oligo-
saccharides (A4, 0.7; the HPLC profile was unaltered relative
to that of the control). Utilization by the lactobacilli of the
components of hydrolysate 2, rich in DP3 and DP4 oligosac-
charides, is recorded in Table 4. Under these conditions, the
DP3 oligosaccharides were used by all of the strains, but two of
the L. ruminis strains also utilized DP4 molecules.

DISCUSSION

A comparison of the DGGE profiles generated from the
cecal microbiota of rats showed that the HV-containing diet
produced a large, highly consistent difference in microbiota
composition relative to the other diets. Therefore, we investi-
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gated the composition of the microbiota of HV-fed and cellu-
lose-fed animals in more detail. The DGGE profiles generated
from the cecal microbiota of HV-fed rats contained a 16S
rRNA fragment that was more intensely stained than in cor-
responding profiles of cellulose-fed rats. This rRNA gene se-
quence originated from bacteria with identity to L. acidophilus.
The abundance of rRNAs derived from L. acidophilus in cecal
contents from HV-fed rats was greater than that in cecal con-
tents from cellulose-fed animals. Bacterial rRNA can be used
as an indicator of metabolic activity because the ribosome-to-
cell ratio is roughly proportional to the growth rate of the
bacteria (15). The proportion of Lactobacillus 16S rRNA se-
quences randomly cloned from cDNAs from the cecal micro-
biota of HV-fed rats was greater than that in the case of
cellulose-fed rats. This supported the outcome of the DNA-
RNA hybridization experiment: copies of the 16S rRNA genes
of lactobacilli were more prevalent in HV-fed rats. FISH/flow
cytometry analysis of the microbiota showed that the increased
abundance of Lactobacillus TRNAs was in fact due to the
presence of large populations of L. acidophilus in the ceca of
HV-fed rats relative to those of cellulose-fed animals. There-
fore, consumption of the HV diet did not just increase bacte-
rial metabolic activity, which is sometimes the only outcome of
prebiotic administration (37), but resulted in increased num-
bers of Lactobacillus cells.

Lactobacillus strains belonging to the L. acidophilus group
(L. crispatus, L. gasseri, amd L. johnsonii) as well as L. hamsteri,
cultured in medium containing B-glucan hydrolysates, utilized
oligosaccharides of short chain length (DP3). The type culture
strain of L. acidophilus that we tested did not utilize oligosac-
charides in the hydrolysates. There may be strain-to-strain
variation in this species with regard to the ability to utilize
oligosaccharides, but we did not test this possibility. We pre-
sume that DP3 oligosaccharides were the substrates that pro-
duced the “lactobacillogenic” effect in the cecum and that
these were released from the HV B-glucan by hydrolysis cata-
lyzed by extracellular B-glucanases secreted by other cecal res-
idents (40). We do not know whether any proportion of the
HYV B-glucan was digested in proximal regions of the gut, but
evidence of an effect on the cecal microbiota suggests that this
did not occur to any extent. Strains of L. ruminis were also
tested for the ability to utilize oligosaccharides in B-glucan
hydrolysates and were found to ferment the DP3 and DP4

TABLE 4. Utilization by lactobacilli of B-glucan hydrolysate
enriched for DP3 and DP4 oligosaccharides
(72 h of anaerobic incubation at 37°C)“

% of oligosaccharide

Lactobacillus species fraction used by bacterium®

and strain

DP3 DP4
L. crispatus ATCC 33820 63 0
L. gasseri ATCC 333237 57 0
L. ruminis ATCC 27781 93 82
L. ruminis ATCC 27782 63 22
L. ruminis ATCC 27780 54 0
L. hamsteri ATCC 438517 63 0
L. johnsonii ATCC 33200" 85 0

“ A single assay was performed with each culture.
b Percentage of oligosaccharides utilized by bacterium relative to uninoculated
medium (DP3, 17.3 mg/ml; DP4, 7.5 mg/ml).
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fractions. Only two Lactobacillus species can presently be
considered autochthonous to the digestive tract of humans,
namely, L. salivarius and L. ruminis (reviewed in reference 7).
The oral cavity, however, appears to be the likely habitat of
L. salivarius, whereas L. ruminis seems to be a true resident of
the colons of a proportion of healthy humans (7, 31, 36). The
utilization by L. ruminis of oligosaccharides present in B-glu-
can hydrolysates as carbon and energy sources is of significance
in the development of prebiotics for human consumption be-
cause these lactobacilli normally comprise approximately 0.1%
of the fecal microbiota, a much greater concentration of bac-
teria than can be achieved by the administration of probiotic
strains (36). Future work to determine the impact of defined
products containing purified oligosaccharides of DP3/DP4 de-
rived from barley B-glucans on L. ruminis populations in the
human colon would clearly be worth pursuing.

The results of our study clearly demonstrate that HV B-glu-
can can produce a prebiotic effect in the ceca of rats, at least
under the specific dietary conditions that were used. While
extrapolation of our observations to humans is not yet appro-
priate, experimental animal studies provide an informative
screening method by which products for potential use in hu-
man nutrition or medicine can be tested. Lactobacilli and other
lactic acid bacteria have recently generated considerable
interest as probiotic agents in the prophylaxis or treatment of
chronic pouchitis and ulcerative colitis (5, 17, 18). Thus, food-
derived products that stimulate autochthonous Lactobacillus
populations in human colons are of major biotechnological and
medical interest.
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