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Assessment of dietary fiber fermentation:
Effect of Lactobacillus reuteriand reproducibility
of short-chain fatty acid concentrations
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This investigation had two aims: (i) to determine the reproducibility of SCFA production of two
fibers: wheat dextrin and inulin, in two separate in vitro batch fermentation systems, and (ii) to deter-
mine if the addition Lactobacillus reuteri, a probiotic bacterium, enhanced the fermentation of wheat
dextrin, inulin, and psyllium using in vitro batch fermentation. Samples were removed at 0, 4, 8, 12,
and 24 h. SCFAs were measured by GC. L. reuteri improved inulin's fermentation profile by reducing
the total SCFA peak at 4 h and enhancing fermentation at 8 and 12 h. Wheat dextrin and psyllium
were largely unaffected. Wheat dextrin's total SCFA and propionate production curves were steady
and replicable, but concentration values varied between fermentations. Partially hydrolyzed guar gum
(PHGG) and wheat dextrin had similar fermentation patterns from 0—8 h, but PHGG plateaued at 8 h
for all measures. Psyllium produced peak SCFA concentrations at 8 h, similar to inulin. L. reuteri
could be combined with inulin for enhancing fermentation, but it does not improve wheat dextrin or
psyllium fermentation. Wheat dextrin will likely produce similar physiological within a group of indi-
viduals due to the reproducibility of fermentation.

Keywords: Dietary fiber / Fermentation / Gastrointestinal / Probiotic / SCFAs
Received: December 18, 2007; revised: May 2, 2008; accepted: May 7, 2008

Mol. Nutr. Food Res. 2009, 53, S114-S120

1 Introduction

Dietary fiber is a nutrient found in plant-based foods which
escapes digestion in the upper gastrointestinal (GI) tract.
The recommended dietary fiber intake in the United States
is 25 g/day for women and 38 g/day for men; however, few
Americans meet this recommendation [1]. Average fiber
intake in the United States is only about 13 g/day for
women and 18 g/day for men [2]. The average fiber intake
varies among different European countries due to different
diets and eating patterns of the European populations.
Women in the United Kingdom consume the least amount
dietary fiber (11 g/day), while Germans consume the most
dietary fiber (26 g/day) [3].

Some physiological effects of dietary fiber depend on the
degree to which it may be fermented by colonic microbiota.
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Nonfermentable or poorly fermentable fibers such as cellu-
lose or wheat bran may improve gut health by increasing
fecal bulk or speeding GI transit. Alternatively, fermentable
fibers, such as oat B-glucan or inulin exhibit a wide range of
physiological effects (such as prebiotic activity) [4]. Fer-
mentation characteristics are influenced by the physico-
chemical properties of fiber, gut transit time, and gut micro-
biota composition.

The concept of synbiotics, the combination of prebiotic
fibers with probiotic bacteria, is a topic of scientific interest
[5]. Probiotics and prebiotics are both orally consumed
food ingredients or supplements that alter gut microbiota in
a beneficial manner [5, 6]. Lactobacillus reuteri is one such
probiotic that is native to the human digestive tract and can
also reach the lower GI tract intact and viable [7]. Many
beneficial health effects of L. reuteri have been investi-
gated: improved immunity [8], decreased cholesterol [8],
and decreased diarrhea [9, 10].

Studying gut effects of fiber in humans is difficult due to
the invasive and expensive nature of colonic observation, as
well as the dynamic nature of the colon. Examination of
excreted colon contents is currently the best way to assess
fiber fermentability in a living system. However, this may
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not represent colon contents in the proximal or even distal
colon, due to continual fermentation of fiber and continual
absorption of minerals and SCFA across the epithelium. In
vitro fermentation with representative human colonic
microbiota is a noninvasive, time-efficient means to esti-
mate fiber fermentability. Batch fermentation has been
shown to degrade nonstarch polysaccharides (NSP) to a
similar extent as the human colon, based on residual NSP in
fecal samples and fermentation flasks [11].

Physical and chemical structure of fibers is an important
characteristic in determining fermentability. Inulin (fruc-
tan), partially hydrolyzed guar gum (PHGG) (galacto-
mannan), wheat dextrin (RS3-type resistant starch), and
psyllium (arabinose—xylose polymer) have distinctly
different chemical and physical attributes, which support
the hypothesis of unique fermentation characteristics [12].
Fermentability of PHGG and inulin has been documented
by several sources [13—16]; however, the SCFA production
of wheat dextrin has not been documented [17]. The physio-
logical effects of wheat dextrin consumption in humans
have been published and this data supports the fermentation
of wheat dextrin in the human gut [17—19]. This study
investigates the in vitro fermentability of wheat dextrin,
inulin, PHGG, and psyllium and hypothesizes that each
fiber will show unique fermentation patterns due to their
varied chemical structure. SCFAs produced by bacteria via
metabolism of different fibers were used to characterize fer-
mentation. This study also aimed to identify changes in
fiber fermentation associated with added L. reuteri.

2 Materials and methods

Two experiments were conducted to assess the fermentabil-
ity of selected dietary fibers and to evaluate the effect of
L. reuteri, a probiotic, on fiber fermentation.

2.1 Study 1

SCFA production by three fibers: inulin, PHGG, and wheat
dextrin was assessed using a batch in vitro fermentation sys-
tem. The inulin (Cosucra, Warcoing, Belgium) tested in this
study was a fructose polymer joined by B(1-2) bonds with
chain length of 70% less than 10 U, 25% 10-20 U, 5%
greater than 20 U. The PHGG (Taiyo Kagaku, Mies, Japan)
tested in this study had a M, of 20000—30000 Da. The
wheat dextrin (Nutriose FB, Roquette Freres, France) tested
in this study was a glucose polymer linked by indigestible
(1-6), (1-2), and (1-3) bonds. Glucose was used as a pos-
itive control to ensure the bacteria were metabolically
active. No fiber was added as a negative control. Chemical
reagents were obtained from Fisher Scientific (Pittsburgh,
PA, USA), Sigma—Aldrich (St. Louis, MO, USA), and
VWR Scientific (West Chester, PA, USA).
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Fecal inoculum was prepared as described by McBurney
and Thompson [20]. Briefly, fecal samples from three
human subjects consuming a nonspecified Western diet
were pooled (125 g total) and diluted with 400 mL distilled
water. The solution was homogenized in a blender. Reduc-
ing solution (950 mL distilled water, 6.25 g cysteine hydro-
chloride, 40 mL 1 N NaOH, 6.25 g sodium sulfide nonahy-
drate) was added to the fecal inoculum to obtain a ratio of
15 parts fecal inoculum to 2 parts reducing solution [21].
Five 100 mL serum bottles were prepared for each fiber
sample (0.5 g), one for each of the five time points: 0, 4, §,
12, and 24 h. Control bottles containing either 0.5 g glucose
or no added carbohydrate were prepared in the same man-
ner. Glucose was chosen as a positive control because the
monomers are completely available to the bacteria, i. e., no
glycosidic bonds must be broken for metabolism of the car-
bohydrate. No carbohydrate was added as a negative control
to quantify the SCFAs produced by substrate originating
from the fecal sample. Forty milliliter of sterile trypticase
peptone fermentation media (2.49 g trypticase peptone,
1.0 g ammonium bicarbonate, 8.75 g sodium bicarbonate,
1.43 g anhydrous sodium phosphate, 1.55 g anhydrous
potassium phosphate monobasic, 0.6 g magnesium sulfate,
0.12 mg resazurin, 1.12 mmol calcium chloride, 0.63 mmol
manganous chloride, 0.15 mmol cobalt chloride,
0.04 mmol ferric chloride, diluted to 1 L with distilled
water) plus reducing solution (2 mL) were added to each
bottle [20]. The bottles were sealed with a rubber stopper
and crimped metal seal for storage at 4°C for 12 h to hydrate
samples. Two hours prior to inoculation with fecal solution,
sample bottles were warmed to 37°C.

Ten milliliter of fecal inoculum was added into each
serum bottle along with 0.8 mL Oxyrase® oxygen reducing
enzyme (Oxyrase, Mansfield, OH, USA). The bottles were
immediately flushed with carbon dioxide gas to eliminate
oxygen and generate anaerobic conditions. The bottles
were gently shaken in a 37°C water bath. One sample bottle
for each fiber was removed at 0, 4, 8, 12, and 24 h. Immedi-
ately upon removal, 1 mL of copper sulfate (200 g/L) was
added to each bottle to kill the bacteria and cease fermenta-
tion. Two 2 mL aliquots were removed for SCFA analysis.

2.2 Study 2

SCFA production by three fibers: inulin, psyllium, and
wheat dextrin was assessed using a batch in vitro fermenta-
tion system. Wheat dextrin and inulin samples are
described in study 1. The psyllium used in this study was
commercially available dietary fiber supplement (Proctor
and Gamble, Cincinnati, OH, USA). Glucose was used as a
positive control to ensure the bacteria were metabolically
active. No fiber was added as a negative control. L. reuteri
(Biogaia, Stockholm, Sweden) was added to selected fiber
samples to simulate the effects of a probiotic bacterium.
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Chemical reagents were obtained from Fisher Scientific,
Sigma—Aldrich, and VWR Scientific.

Fermentation bottles were prepared as described in study
1 with the following changes: 30 mL trypticase peptone
media was used to hydrate the fibers overnight. Fecal inocu-
lum was prepared as described in study 1, but the three
donors in study 2 were different than the donors in study 1.
After the bottles were warmed to 37°C, 10 mL of fecal inoc-
ulum was added into each serum bottle along with 0.8 mL
Oxyrase oxygen reducing enzyme (Oxyrase). After the
fecal inoculum was added, an additional 10 mL trypticase
peptone media containing L. reuteri (0.05 g/mL to yield
~10'2 cfu/10 mL) or 10 mL stock trypticase peptone media
was added to each fermentation bottle. Fermentation condi-
tions were the same as study 1.

2.3 SCFA analysis

All samples were prepared for GC as described by Pylkas et
al. [15]. Prior to GC analysis, samples were stored at —
20°C. Acetate, propionate, and butyrate were determined
by GC using a Hewlett Packard model 6890 gas chromato-
graph (Hewlett Packard, Palo Alto, CA, USA) with a 4%
Carbowax® 20M/80/120 Carbopack B-DA column, 2 m
length x 2 mm id, TightSpec (Supelco, Bellefonte, PA,
USA) a temperature of 175°C [22]. Flow rates for nitrogen,
hydrogen, and air were 24, 40, and 450 mL/min, respec-
tively. Nitrogen flow on the column was 25.5 mL/min. Inlet
and detector temperatures were 200 and 230°C, respec-
tively.

2.4 Statistical design and analysis

The experiment was a randomized complete block. In study
1, one block consisting of pooled fecal samples from three
humans was used. In study 2, two blocks, one with L. reuteri
and one without L. reuteri were used. The treatments were
arranged in a 4 x 5 factorial pattern with four fibers meas-
ured at five time points. Each fiber x time point combina-
tion was measured in duplicate. Statistical analyses were
completed with SAS statistical software package, version
8.0 (SAS Institute, Cary, NC, USA). Analysis of variance
with Tukey pairwise comparison was conducted to compare
the mean SCFA concentrations with and without L. reuteri
and to compare the mean SCFA concentrations in study 1
and study 2. Statistical significance was achieved at p-val-
ues less than 0.05.

3 Results

3.1 Comparison of two fermentations -
study 1 and study 2

Wheat dextrin, inulin, psyllium, and PHGG exhibited
unique fermentation patterns (Table 1). All SCFAs were
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produced by bacteria that fermented the added fibers, as
well as components in the fermentation media and fecal
inoculum. Wheat dextrin resulted in a steady rate of SCFA
concentrations over the 24 h fermentation in both study 1
and study 2; however, in study 2 lower total SCFA concen-
trations were produced compared to study 1 at 12 and 24 h.
Total SCFA production by inulin peaked early in both study
1 (4 h) and study 2 (8 h), but concentrations decreased over
the remainder of the fermentation in study 2 while concen-
trations rebounded at 24 h in study 1. Psyllium produced
SCFAs similar to inulin while PHGG produced SCFAs sim-
ilar to wheat dextrin until 8 h when SCFA production pla-
teaued. Wheat dextrin was verified to be a fermentable
fiber and produced total SCFA concentrations similar to
inulin, but was significantly greater than PHGG and psyl-
lium at 24 h. Glucose produced TSCFA concentrations sim-
ilar to the other fibers in study 1 (data not shown) and nega-
tive control TSCFA concentrations were low (Table 1).
However, control TSCFA concentrations in study 1 were
greater than study 2.

Acetate was the most abundant SCFA produced, compris-
ing 50—90% of total SCFAs. As seen with TSCFA concen-
trations, study 1 produced greater acetate concentrations in
presence of inulin at all time points and wheat dextrin at 12
and 24 h (Table 1). Wheat dextrin produced greater acetate
concentrations than PHGG at 12 and 24 h. Acetate concen-
trations in the presence of psyllium plateaued from 4 to
24 h. Control concentrations of acetate were greater in
study 1 than study 2.

Study 2 produced lower propionate concentrations than
study 1 at all time points for wheat dextrin, control, and at
all time points except 12 h for inulin (Table 1). Wheat dex-
trin produced propionate at a steady rate in study 1 and
study 2. Inulin produced propionate in a similar manner
from 0 to 8 h for both studies, but peaked at 12 h in study 2
and slightly decreased from 8 to 12 h and increased from 12
to 24 h in study 1. Psyllium and PHGG produced steady
concentrations of propionate but were lower than wheat
dextrin. Glucose produced propionate concentrations simi-
lar to the other fibers in study 1 (data not shown). Negative
control produced high propionate concentrations in study 1
(Table 1).

Wheat dextrin produced greater butyrate concentrations
in study 1 at 4 h, but fermentation patterns were similar
from 0 to 12 h (Table 1). At 24 h in study 1, wheat dextrin
produced twice the concentration of butyrate in study 2.
Inulin's butyrate production pattern was different in study 1
(peak at 8 h) compared to study 2 (peak at 12 h). Butyrate
production by PHGG was similar to wheat dextrin. Psyl-
lium produced peak butyrate concentrations at 8 h. Glucose
produced butyrate concentrations similar to other fibers
(data not shown) and negative control produced low buty-
rate concentrations in study 1 and study 2 (Table 1).

Lactate concentrations were detected at 4 and 8 h for
most samples, but inulin was the only fiber to produce
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detectable lactate concentrations during the entire fermen-
tation (Table 1). Lactate concentrations between study 1
and study 2 only differed for inulin.

3.2 Effect of added L. reuteri on fermentation of
fibers

The presence of L. reuteri affected SCFA production differ-
ently for each fiber: inulin, psyllium, and wheat dextrin
(Table 1). Fermentation of wheat dextrin and psyllium were
largely unaffected by the addition of L. reuteri, with wheat
dextrin exhibiting increased SCFA concentrations at 8 h
and psyllium exhibiting decreased SCFA concentrations at
12 h. Inulin showed the most pronounced effect of L. reu-
teri; although, this is not reflected as a consistent change in
total SCFA concentrations over 24 h since total SCFA pro-
duced from inulin in the presence of L. reuteri increased at
4h and decreased at 8§ and 12h. The end result is a
smoother SCFA production curve; the peak at 8§ h was
blunted by L. reuteri. Glucose produced SCFA concentra-
tions similar to psyllium with and without L. reuteri (data
not shown). Negative control SCFA concentrations were
low with and without L. reuteri (Table 1).

Acetate concentrations produced by inulin in the pres-
ence of L. reuteri decreased at 4 h and increased at 8 h,
which is opposite to what was observed for total SCFA con-
centrations (Table 1). L. reuteri decreased the concentra-
tions of acetate produced in the presence of psyllium at 8
and 12 h. Acetate concentrations were low with and without
L. reuteri in the control flasks.

The presence of L. reuteri increased propionate produc-
tion by inulin at 4 and 24 h and decreased propionate pro-
duction at 8 and 12 h, resulting in a steady propionate pro-
duction curve (Table 1). Propionate production by wheat
dextrin and psyllium were minimally affected by L. reuteri.
Wheat dextrin produced steady, high propionate concentra-
tions while psyllium produced steady, low propionate con-
centrations regardless of the presence of L. reuteri. Propio-
nate production by glucose was low, but measurable, with-
out L. reuteri and similar to inulin in the presence of L. reu-
teri (data not shown). Negative control fermentation flasks
had low propionate concentrations at 4 and 8 h (with and
without L. reuteri), but were similar to inulin's propionate
values at 12 and 24 h (Table 1).

L. reuteri affected butyrate production differently for
each fiber (Table 1). Inulin was affected inconsistently by
L. reuteri with increased production at 4 and 24 h and
decreased production at 8 and 12 h in the presence of L. reu-
teri. Butyrate production by wheat dextrin was minimally
affected by L. reuteri. L. reuteri increased butyrate produc-
tion at 12 and 24 h for psyllium fermentation. Glucose con-
trol butyrate concentrations were similar to fibers through-
out the fermentation with and without L. reuteri (data not
shown). Negative control butyrate concentrations were low
with and without L. reuteri.
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Lactate concentrations were not affected by the presence
of L. reuteri (Table 1). Most fibers had detectable lactate
concentrations at 4 and 8 h, but not at 12 and 24 h. Psyllium
was the only fiber to have a significant difference in lactate
production (4 h).

4 Discussion

This study is the first to compare in vitro fermentability of
wheat dextrin with that of inulin, PHGG, and psyllium.
Chemical structure of the four fibers varies significantly
and is a contributor to variations in fermentability. Wheat
dextrin is a branched glucose polymer composed of indi-
gestible (1-2), (1-3), and (1-6) bonds, and as a result is
primarily indigestible, with only 10—15% being degraded
in the small intestine by host enzymes, 76% being fer-
mented in the colon, and the remainder being excreted in
the feces [23]. Inulin is a fructose polymer often with a ter-
minal glucose, joined by B(1-2) linkages [24]. Guar gum is
composed of galactose and mannose residues in a ratio of
1:1.5-1.8 [25]. Mannose units form the structural back-
bone, linked by B(1—4) bonds. Galactose units branch from
the mannose O-6 position, linked by a(1-6) bonds. PHGG,
a lower M, form of native guar gum, is produced by enzy-
matic hydrolysis with endo-B-D-mannanase [26]. Approxi-
mately 5% of the 1,4-B-D-mannose—pyranose bonds are
susceptible to enzymatic hydrolysis, resulting in an average
M, of 20 k Da. Psyllium, derived from ispaghula husk, is a
polymer containing arabinose and xylose.

Variations seen in SCFA profiles are likely due to the
chemical differences between the fibers. 3-D structure,
chain length, monosaccharide type, and bond type all dic-
tate which bacterial metabolic pathways will be utilized for
fiber metabolism. Inulin may be rapidly fermentable due to
the presence of short fructose chains (2—5 U). Availability
of bacterial enzymes to cleave specific bonds, as well as the
availability of enzymes to convert nonglucose monomers
into fermentation pathway intermediates dictates the fer-
mentation properties of wheat dextrin and PHGG. Wheat
dextrin was likely more fermentable than PHGG due to the
monomer composition of each fiber. Once cleaved from the
dextrin chain, glucose can enter bacterial fermentation
pathways immediately, while mannose and galactose must
be metabolized to fructose 1,6-bisphosphate and glucose
6-phosphate, respectively before entering bacterial fermen-
tation pathways [27, 28].

High propionate concentrations were reported for the
control fermentation flasks, indicating that components of
the media or remaining substrate in the fecal inoculum were
contributing to fermentation. Although the fecal inoculum
was homogenized with a blender, it is possible that the com-
position of bacteria and residual substrate was not exactly
uniform for each fermentation flask. The control fermenta-
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tion flasks were expected to produce lower concentrations
of SCFA than flasks containing fiber.

Lactate concentrations were undetectable at 12 and 24 h
for most fibers, regardless of the presence of L. reuteri.
This may indicate the use of lactate in other SCFA produc-
tion pathways. Lactate can be converted to pyruvate, which
may be used to produce other SCFAs [28]. Inulin is known
for its prebiotic effects and is a preferred substrate for Lac-
tobacillus and bifidobacteria. This preference may explain
why lactate concentrations were detected during the entire
fermentation.

L. reuteri likely exerted its effect on fermentation via
enzyme contributions toward glycosidic bond cleavage and
monosaccharide degradation [29]. This study showed that
L. reuteri improved fermentation patterns for inulin by
reducing the total SCFAs produced at 4 h compared to inu-
lin fermentation without L. reuteri at 4 h. The rapid fermen-
tation of inulin is thought to contribute to high gas produc-
tion in vivo. The addition of L. reuteri produced a more
favorable, steady fermentation curve which may lead to
fewer GI side effects in vivo; however, this idea should be
investigated in future research. L. reuteri did not enhance
the fermentation of wheat dextrin or psyllium. These char-
acteristics should be considered when recommending the
use of a fiber supplement in conjunction with a probiotic.

Variations in SCFA concentrations between study 1 and
study 2 are likely due to differences in microbiota. Repro-
ducibility of fermentation with varying fecal donors indi-
cates the fiber might confer similar physiological effects
across the human population. Further research should be
conducted in this area to identify if specific gut microbe
communities contribute to fiber fermentation and to iden-
tify an optimal gut microbiota composition. Gut microbiota
has been implicated with obesity; therefore, the role of diet-
ary fiber fermentation in the development of obesity should
be further examined [30].

Batch in vitro fermentation of PHGG and inulin has pro-
vided consistent fermentation data across studies and sup-
ports the data from this study. Absolute SCFA concentra-
tions are difficult to compare between studies due to differ-
ences in representative microbiota and methods, but trends
in SCFA production are comparable. The relative propio-
nate concentrations produced by PHGG and inulin in this
study were similar to those previously reported [14, 16].
Although wheat dextrin has not been subjected to in vitro
fermentation previously, SCFA production by other RS3-
type resistant starches has been published. Steady SCFA
production by tapioca-based resistant maltodextrin (RS3)
was seen during the first 12 h of fermentation, with a pla-
teau at 24 h [31, 32]. Butyrate production followed the
same pattern as total SCFA production. In contrast, the
present study reported low, but steady butyrate production
during the first 12 h with a sharp increase from 12 to 24 h.

The comparison of RS3 data across studies should be
done with caution. Many RS3 type resistant starches differ

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

in starch source and production methods, which may alter
physiological effects and fermentability [33]. Starch source
and processing influenced SCFA production when fermen-
tation of three different RS2-types of resistant starches were
tested in rats [34]. A comparison of RS3 with varying starch
sources and production methods is necessary to determine
if RS3-type resistant starches are fermented similarly.

The relationship between dietary fiber, SCFAs, and colon
health is currently under debate [35, 36]. As more informa-
tion regarding the long-term health effects of dietary fiber
becomes available, the fermentability of fibers will likely
become a key characteristic to consider when incorporating
dietary fiber into one's diet. The interaction between probi-
otics and dietary fiber should be carefully considered and
researched further. As this study has illustrated that the
choice of probiotic and dietary fiber may influence the
physiological effects seen in humans.

In conclusion, the effect of L. reuteri on SCFA formation
is dependent on the fiber, with inulin fermentation respond-
ing favorably to the presence of L. reuteri and wheat dextrin
and psyllium being unaffected. Wheat dextrin is a ferment-
able fiber with favorable total SCFA and remarkable propi-
onate production. Wheat dextrin produced SCFAs gradually
and completely over the 24 h period, in contrast to the rapid
peaks and decline seen with inulin; this suggests less likely
production of gas and consequently better tolerability with
regards to flatulence. Wheat dextrin should produce similar
physiological effects across individuals due to the reprodu-
cibility of fermentation. Combined administration of inulin
with L. reuteri may reduce gas production in vivo, resulting
in a more pleasant dietary intervention.
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