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ABSTRACT: It is of interest to discover new fermentable carbohydrate sources that function as prebiotics. This study evaluated the
hydrolytic digestibility, fermentative capacity, and microbiota modulating properties of Temulose molasses, four hydrolyzed
fractions of Temulose molasses, short-chain fructooligosaccharides (scFOS), and a yeast cell wall preparation (Safmannan). These
substrates resisted in vitro hydrolytic digestion. Each substrate was fermented in vitro using dog fecal inoculum, and fermentation
characteristics were quantified at 0 and 12 h. All Temulose molasses substrates decreased pH by at least 0.64 unit and resulted in
greater (P < 0.05) butyrate and total short-chain fatty acid (SCFA) production compared to scFOS and Safmannan. Temulose
molasses substrates resulted in higher (P < 0.01) or equal Bifidobacterium spp. concentrations compared to scFOS. Temulose
molasses substrate and its fractions demonstrated prebiotic characteristics as indicated by low hydrolytic digestibility, high
fermentability, and enhanced growth of microbiota considered to be beneficial to health.
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’ INTRODUCTION

Fermentable carbohydrates have garnered increased attention
as a result of their ability to improve bowel health of both humans
and animals. These carbohydrates are able to resist hydrolytic
digestion and are fermented in the large bowel, yielding short-
chain fatty acids (SCFA), particularly butyrate, an energy source
for colonocytes.1 In addition, fermentable carbohydrates may
potentially increase populations of beneficial bacteria, such as
bifidobacteria and lactobacilli, and decrease concentrations of
pathogenic bacteria, such as Escherichia coli and Clostridium
perfringens.

Temulose molasses, derived from the fiberboard manufactur-
ing process, may be a beneficial fermentable carbohydrate source.
Production of this novel carbohydrate involves steaming wood
chips obtained from southern yellow pine, which includes Pinus
taeda, Pinus echinata, Pinus palustris, and Pinus elliotii, using high
temperature and pressure. When the pressure is released quickly,
soluble wood sugars and oligosaccharides are released and
washed into the surrounding water. The resulting sugar solution
is condensed through evaporation, resulting in a viscous ingre-
dient referred to as Temulose molasses.

Temulose molasses is composed of numerous types of oligo-
saccharides, including mannanoligosaccharides (MOS), xyloo-
ligosaccharides (XOS), and glucooligosaccharides (GOS).2

Several in vitro studies have reported that these oligosaccharides
are moderately to well fermented as indicated by increased
production of SCFAs, lowered pH, and altered microbial
populations.3-8 In addition, studies have indicated that fermen-
tative end-products may vary depending on the degree of poly-
merization (DP) of the oligosaccharide.9,10

Temulose molasses and select fractions of Temulose molasses,
varying in DP, were evaluated for fermentative and microbiota
modulating properties in vitro using canine fecal inoculum.

’MATERIALS AND METHODS

Temulose Molasses Substrate. Production of Temulose molas-
ses involves wood chips, water, and pressure but does not use strong
acids or bases, unlike other wood pulping production processes.11 This
results in an ingredient safe for consumption by animals.11 The effects
of time and steam pressure on the “wood chip digester” result in
depolymerization of cellulose, hemicelluloses, and lignin that releases
soluble sugars and polyphenolic compounds that are recovered by
water washing. The resulting solution contains high concentrations of
sugars (3-4%), which is further condensed into a molasses with a
60-65% solids content. Sugars are mostly in the form of oligosaccha-
rides as compared to free sugars. Temulose molasses has a DP ranging
from 2 to 50 units.

Another substrate, ethanol-precipitated Temulose brown sugar
(TBS), was produced according to the procedure described by Price
et al.2 Briefly, 5 mL of Temulose molasses was partially hydrolyzed with
7 mL of 0.2 M aqueous trifluoroacetic acid (TFA), precipitated in
ethanol, and freeze-dried. The hydrolysis procedure removed arabinose
and xylose from Temulose molasses, producing a galactoglucomannan
oligosaccharide (GGMO) product. This fraction had aDP of 4-13, with
the major component having a DP of 5-8. An aliquot of TBS then was
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fractionated using size exclusion chromatography (SEC) into select DP
ranges according to the procedure of Price et al.2 One substrate, SEC-
purified small GGMO oligosaccharides (GS), had a DP of 2-5, whereas
SEC-purified medium GGMO oligosaccharides (GM) had a DP of 6-8
and SEC-purified large GGMO oligosaccharides (GL) had a DP of
9-13.

The yeast cell wall preparation, Safmannan (Lesaffre Yeast Corp.,
Milwaukee, WI), and short-chain fructooligosaccharide (scFOS; Nutra-
Flora, GTC Nutrition Co., Johnstown, CO) were obtained commer-
cially and evaluated for comparison to the Temulose substrates.

Temulose molasses and fractions were analyzed for dry matter (DM),
organic matter (OM), and ash using AOAC12 methods. Free mono-
saccharide concentrations were determined according to the method of
Smiricky et al.13 Hydrolyzedmonosaccharides (i.e., sugars obtained after
acid hydrolysis) were determined according to the methods of Hoebler
et al.14 and Bourquin et al.15 Briefly, an internal standard of 1 mg of
inositol/mL in 72% (w/w) sulfuric acid was prepared. One milliliter of
the internal standard was added to a screw-cap tube, containing 50mg of
finely ground sample, and vortexed gently. After 30 min, the samples
were diluted to 2 N sulfuric acid by adding 11 mL of distilled, deionized
water. Samples were hydrolyzed for 2 h in a boiling water bath. The
hydrolyzed samples were filtered through Whatman GF/D glass fiber
filters (Whatman Inc., Florham Park, NJ) and then neutralized by
passage through a preparation column containing 15 g of AG 4-X4
anion exchange resin (Bio-Rad, Hercules, CA). Effluents were collected
in 200 mL volumetric flasks and brought up to volume with distilled,
deionized water. Hydrolyzed monosaccharides were quantified using a
Dionex DX500 high-performance liquid chromatography (HPLC)
system (Dionex Corp., Sunnyvale, CA). Standards for quantification
included arabinose, fucose, galactose, glucose, inositol, mannose, rham-
nose, and xylose.
In Vitro Digestion. The method described by Boisen16 was used

to simulate gastric and small intestinal (hydrolytic) digestion. Briefly, at
each fermentation sampling time (0 and 12 h), 0.2 g of substrate was
weighed in triplicate and incubated with pepsin/hydrochloric acid for
6 h and with pancreatin for 18 h. Tubes containing reagents, but no
substrate, were run as blanks. The tubes were analyzed for free released
monosaccharides using HPLC13 following simulated hydrolytic diges-
tion. The remaining residues were lyophilized and used for the in vitro
fermentation stage.

The released monosaccharide values correspond to the amount of
monosaccharides resulting from hydrolytic digestion and would be
expected to be absorbed in vivo. These sugars cannot be extracted from
the in vitro tubes after the second stage of simulated digestion. There-
fore, the released monosaccharide values were used to prepare a set of
pure monosaccharide blank tubes for each substrate. These free sugar
blank tubes went through the in vitro fermentation experiment along
with the residues from the hydrolytic digestion stage. SCFAs measured
after 12 h of in vitro fermentation then were corrected with the
appropriate blank (control) tube values.
Donors. Purpose-bred, healthy, female, adult dogs (n = 3; Butler

Farms USA, Clyde, NY) with hound bloodlines, an average initial body
weight of 23.1 kg (18.2-26.6 kg), and an average age of 4.4 years (1-6
years) served as sources of feces from which inoculum was prepared.
Dogs consumed the same commercial diet (Iams Weight Control; The
Iams Co., Lewisburg, OH) composed of corn meal, chicken, whole grain
sorghum, chicken byproduct meal, ground whole grain barley, and fish
meal. The dogs had not been exposed to antibiotics for 6months prior to
the experiment. Dogs were housed individually in kennels in a tempera-
ture-controlled room (21 �C) at the animal care facility in the Edward R.
Madigan Laboratory, University of Illinois at Urbana-Champaign.
Animal care procedures were approved by the University of Illinois
Animal Care and Use Committee prior to initiation of the experiment.
On the designated collection day, fresh feces from three dogs were

collected in plastic bags, which were sealed after expressing excess air,
and maintained at 37 �C until inoculum was prepared. Anaerobic
inoculum was prepared from fresh fecal samples within 15 min of
defecation.
In Vitro Fermentation Model. The lyophilized residue remain-

ing after simulated stomach and small intestinal digestion (in vitro
hydrolytic digestion) was used in a model that simulated large bowel
fermentation.17 The composition and the preparation of the in vitro
medium have been described in detail elsewhere.18 An aliquot (26 mL)
of the medium was aseptically transferred to the tubes containing the
lyophilized residue remaining after simulated hydrolytic digestion and to
the control tubes containing the appropriate amount of free mono-
saccharides. All tubes were stored at 4 �C for approximately 12 h to
enable hydration of the substrates before initiation of fermentations.
Tubes were placed in a 37 �C water bath approximately 30 min before
inoculation.

Fresh fecal samples were maintained at 37 �C until inoculum was
prepared (within 10 min). Equal amounts of each fecal sample were
mixed together and diluted 1:10 (w/v) in anaerobic dilution solution19

by blending for 15 s in aWaring blender under a stream of CO2. Blended,
diluted feces were filtered through four layers of cheesecloth and sealed
in 125 mL serum bottles under CO2.

Appropriate samples and control tubes were aseptically inoculated
with 4 mL of diluted feces. Tubes were incubated at 37 �C with periodic
mixing for 12 h. After 12 h, tubes were removed from the 37 �C
incubator and processed immediately for analyses. First, the pH of the
tube contents was measured with a standard pH-meter (Denver Instru-
ment Co., Arvada, CO). Then, a 2 mL aliquot was taken from each tube
for SCFA analyses. A second 2mL aliquot was taken and frozen at-80 �C
for bacterial analyses.
Chemical Analysis. SCFA and branched-chain fatty acid (BCFA)

concentrations were determined by gas chromatography according to
the method of Erwin et al.20 using a Hewlett-Packard 5890A series II gas
chromatograph (Palo Alto, CA) and a glass column (180 cm � 4 mm
i.d.) packed with 10% SP-1200/1% H3PO4 on 80/100þ mesh Chro-
mosorb WAW (Supelco Inc., Bellefonte, PA). Nitrogen was the carrier
with a flow rate of 75 mL/min. Oven, detector, and injector tempera-
tures were 125, 175, and 180 �C, respectively.
Microbial Analysis. Microbial populations were measured by

DNA extraction from fermented samples, followed by quantitative
PCR (qPCR). DNA was extracted from frozen samples using the
RBBþC method described by Yu and Morrison.21 Briefly, cells were
lysed by employing bead beating in the presence of high concentrations
of sodium dodecyl sulfate (SDS), salt, and EDTA. The DNA was
purified using QIAamp columns (QIAamp DNA stool mini kit, Qiagen,
Valencia, CA) according to the manufacturer’s instructions. Extracted
DNA was quantified using a NanoDrop ND-1000 spectrophotometer
(Nano-Drop Technologies, Wilmington, DE).

Quantitative PCR was performed for bifidobacteria, lactobacilli, and
E. coli genera, as well as C. perfringens. Specific primers were used for
bifidobacteria,22 lactobacilli,23 E. coli,24 and C. perfringens.25 Amplifica-
tion was performed according to the method of DePlanke et al.26 Briefly,
a 10μL final volume contained 5μL of 2X SYBRGreen PCRMasterMix
(Applied Biosystems, Foster City, CA), 15 pmol of the forward and
reverse primers for the bacterium of interest, and 10 ng of extracted
DNA from the sample. Standard curves were obtained by harvesting
pure cultures of the bacterium of interest in the log growth phase in
triplicate followed by serial dilution. Bacterial DNA was extracted from
each dilution using aQIAampDNA stoolmini-kit and amplified with the
bacterial DNA to create triplicate standard curves using an ABI PRISM
7900HT Sequence Detection System (Applied Biosystems). Colony
forming units (cfu) in each dilution were determined by plating on
specific agars: lactobacilli MRS (Difco, Detroit, MI) for lactobacilli, rein-
forced clostridial medium (bifidobacteria,C. perfringens), and Luria-Bertani
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medium (E. coli). The calculated log cfu/mL of each serial dilution was
plotted against the cycle threshold (Ct) to create a linear equation to
calculate cfu/mL.
Statistical Analysis. Data were analyzed as a completely rando-

mized design using the Mixed Models procedure of SAS (SAS Institute,
Inc., Cary, NC). All treatment least-squares means were compared with
each other, and a Tukey adjustment was used to control for experiment-
wise error. Least-squares means were reported along with the pooled
SEM for all response criteria. A probability of P < 0.05 was accepted as
statistically significant for released monosaccharides, SCFA, and pH and
a probability of P < 0.01 was accepted as statistically significant for
microbiota. Means were separated using the least significant difference
method of SAS.

’RESULTS

Substrates. All substrates were similar in DM content except
Temulose molasses, which had a considerably lower DM content
(59.2%) (Table 1). Organic matter was high for all substrates
except TBS. SEC-purified GGMO oligosaccharides (GS, GM,
and GL) contained no free sugars. Besides SEC-purified GGMO
oligosaccharides, Safmannan contained the lowest total concen-
tration of free sugars (2.1 mg/g), whereas Temulose molasses
and TBS had the highest free sugar concentrations (100.8 and
102.7 mg/g, respectively). The Temulose molasses contained a
high concentration of free arabinose (41.6 mg/g), whereas TBS

contained high concentrations of mannose (37.2 mg/g) and
xylose (22.3 mg/g).
All Temulose substrates contained high concentrations of

total hydrolyzed monosaccharides ranging between 615.8 and
1051.4 mg/g. Fucose and rhamnose were detected only in the
Temulose molasses. Arabinose and galactose concentrations
were low but similar among all Temulose substrates. The
Temulose molasses contained more than twice the amount of
xylose compared to TBS and SEC-purified GGMO oligosacchar-
ides. The glucose concentration was much lower in Temulose
molasses compared to TBS and the SEC-purified GGMO oligos-
accharides. Mannose concentrations were high for all Temulose
substrates, with GL and GM being greatest (622.3 and 580.4 mg/g
DMB, respectively). Safmannan and scFOS were not analyzed
for hydrolyzed monosaccharide concentrations.
After in vitro hydrolytic digestion, all substrates released

similar concentrations of fucose, rhamnose, and galactose
(Table 2). The Temulose molasses released a greater (P <
0.05) concentration of arabinose (13.9 mg/g DMB) than the
other test substrates. Glucose release was lowest (P < 0.05) for
Temulose molasses (4.9 mg/g DMB) and greatest (P < 0.05) for
Safmannan (27.8 mg/g DMB). The Temulose molasses released
a greater (P < 0.05) concentration of xylose (1.1 mg/g) com-
pared to scFOS, TBS, and GM. Temulose brown sugar resulted
in the greatest (P < 0.05) release of mannose among sub-
strates. Short-chain FOS was the only substrate to release

Table 1. Dry Matter, Organic Matter, Free Sugar Concentrations, and Hydrolyzed Monosaccharide Concentrations of Control
Substrates, Temulose Molasses, Temulose Brown Sugar (TBS), and Size Exclusion Chromatography-Purified Galactogluco-
mannan Oligosaccharides

fraction

item ScFOSa Safmannan Temulose molasses TBSb GLc GMd GSe

dry matter, % 94.6 96.4 59.2 92.7 94.3 98.1 98.6

DM basis

organic matter, % 100.0 95.6 94.0 86.8 100.0 99.9 98.3

free sugars, mg/g

fucose 0.0 0.0 1.7 0.6

arabinose 0.8 0.2 41.6 11.1

rhamnose 0.0 0.0 2.3 0.9

galactose 0.0 0.1 11.5 14.8

glucose 1.6 0.3 10.5 13.1

xylose 0.0 0.0 18.1 22.3

mannose 0.4 1.2 5.9 37.2

fructose 8.5 0.3 9.2 2.0

total 11.3 2.1 100.8 102.7

hydrolyzed monosaccharidesf

fucose 8.1 0.0 0.0 0.0 0.0

arabinose 12.7 12.4 10.0 12.1 14.8

rhamnose 3.7 0.0 0.0 0.0 0.0

galactose 73.2 82.8 118.8 114.2 108.8

glucose 115.0 148.8 284.5 273.8 261.0

xylose 132.8 24.2 15.9 34.0 53.3

mannose 364.3 347.6 622.3 580.4 522.1

total 697.9 615.8 1051.4 1014.5 960.1
a ScFOS, short-chain fructooligosaccharides. bTBS, Temulose molasses hydrolyzed with 0.2 M trifluoroacetic acid and precipitated with ethanol. cGL,
SEC-purified galactoglucomannan oligosaccharide with a high degree of polymerization. dGM, SEC-purified galactoglucomannan oligosaccharide with a
medium degree of polymerization. eGS, SEC-purified galactoglucomannan oligosaccharide with a low degree of polymerization. fHydrolyzed
monosaccharide concentrations were corrected for free sugar concentrations.
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fructose (203.5 mg/g). Only glucose was released upon hydro-
lytic digestion of Safmannan. Short-chain FOS resulted in the
greatest (P < 0.05) release of total monosaccharides, whereas GS,
GM, and GL resulted in the lowest (P < 0.05) release of total
monosaccharides. The hydrolytic digestion value for the Temu-
lose substrates was only approximately 2%.
Fermentation Metabolites. Safmannan fermentation re-

sulted in the smallest (P < 0.05) pH change among test substrates
(-0.29) (Table 3). Short-chain FOS and TBS fermentation
resulted in the greatest (P < 0.05) decrease in pH (-1.22)
among test substrates. SEC-purified GGMO oligosaccharides
resulted in intermediate changes in pH.
Safmannan fermentation resulted in the lowest (P < 0.05)

concentrations of acetate, propionate, and total SCFA among

substrates. Short-chain FOS fermentation resulted in lower (P <
0.05) concentrations of total SCFA, acetate, propionate, and
butyrate compared to the Temulose substrates. The Temulose
molasses and SEC-purifiedGGMOoligosaccharides resulted in a
similar concentration of acetate, with these values being greater
(P < 0.05) than that for TBS. Propionate production was similar
between GS and TBS, but values were lower (P < 0.05) than that
for the Temulose molasses. Large DP GGMO fermentation
produced the greatest (P < 0.05) concentration of propionate
(170.7 mg/g), whereas GM fermentation resulted in the next
highest concentration (142.8 mg/g). Among SEC-purified
GGMO oligosaccharides, as DP increased, propionate produc-
tion increased (P < 0.05). Butyrate production was similar for
Safmannan, Temulosemolasses, TBS, andGL. Small DPGGMO

Table 2. Released Monosaccharide Concentrations of Control Substrates, Temulose Molasses, Temulose Brown Sugar (TBS),
and Size Exclusion Chromatography-Purified Galactoglucomannan Oligosaccharides after Simulated Hydrolytic Digestiona,b

fraction

item ScFOSc Safmannan Temulose molasses TBSd GLe GMf GSg SEM

mg/g, DMB

fucose 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00

arabinose 0.0 a 0.0 a 13.9 b 0.6 a 0.0 a 0.1 a 0.3 a 0.19

rhamnose 0.0 a 0.0 a 0.1 b 0.0 a 0.0 a 0.0 a 0.0 a 0.02

galactose 0.0 a 0.0 a 0.6 ab 1.2 b 0.2 a 0.1 a 0.4 a 0.15

glucose 21.5 e 27.8 f 4.9 a 13.6 b 19.3 de 17.3 cd 16.8 c 0.51

xylose 0.3 a 0.7 ab 1.1 b 0.0 a 0.6 ab 0.3 a 0.6 ab 0.13

mannose 0.0 a 0.0 a 0.4 b 4.9 c 0.0 a 0.1 ab 0.0 a 0.07

fructose 203.5 b 0.0 a 0.0 a 0.0 a 0.0 a 0.0 a 0.0 a 1.00

total 225.3 c 28.5 b 21.0 ab 20.3 ab 20.1 a 17.9 a 18.1 a 1.57
a Sugars released from substrate after 6 h of HCl-pepsin digestion and 18 h of digestion with pancreatin. Concentrations were corrected for free sugars.
bWithin a row, means without a common letter differ (P < 0.05). c ScFOS, short-chain fructooligosaccharides. dTBS, Temulose molasses hydrolyzed
with 0.2 M trifluoracetic acid and precipitated with ethanol. eGL, SEC-purified galactoglucomannan oligosaccharide with a high degree of
polymerization. fGM, SEC-purified galactoglucomannan oligosaccharide with a medium degree of polymerization. gGS, SEC-purified galactogluco-
mannan oligosaccharide with a low degree of polymerization.

Table 3. pHChange and Short-Chain Fatty Acid (SCFA) and Branched-Chain Fatty Acid (BCFA) Production following 12 h of in
Vitro Fermentation of Control Substrates, Temulose Molasses, Temulose Brown Sugar (TBS), and Size Exclusion Chromatog-
raphy-Purified Galactoglucomannan Oligosaccharidesa

fraction

item ScFOSb Safmannan Temulose molasses TBSc GLd GMe GSf SEM

pH change -1.22 e -0.29 a -0.86 d -1.22 e -0.77 c -0.64 b -0.67 b 0.17

SCFA mg/gDM

acetate 86.1 b 23.1 a 192.5 d 102.1 c 201.6 d 196.3 d 198.9 d 5.64

propionate 76.1 b 25.3 a 119.2 d 106.4 c 170.7 f 142.8 e 106.7 c 4.01

butyrate 0.0 a 15.8 b 16.2 b 17.8 b 17.1 b 18.7 c 22.5 d 0.72

total 162.2 b 64.1 a 327.9 d 226.3 c 389.4 f 357.8 e 328.1 d 5.01

BCFA mg/gDM

isobutyrate 0.0 a 1.1 b 0.0 a 0.3 a 0.0 a 0.0 a 0.0 a 0.18

isovalerate 0.0 a 4.1 b 0.0 a 0.0 a 3.7 b 4.3 b 4.3 b 0.71

valerate 0.0 a 2.4 b 0.0 a 0.0 a 0.0 a 0.0 a 0.0 a 0.23

total 0.0 a 7.6 c 0.0 a 0.3 a 3.7 b 4.4 b 4.3 b 1.06
aWithin a row, means without a common letter differ (P < 0.05). b ScFOS, short-chain fructooligosaccharides. cTBS, Temulose molasses hydrolyzed
with 0.2 M trifluoracetic acid and precipitated with ethanol. dGL, SEC-purified galactoglucomannan oligosaccharide with a high degree of
polymerization. eGM, SEC-purified galactoglucomannan oligosaccharide with a medium degree of polymerization. fGS, SEC-purified galactogluco-
mannan oligosaccharide with a low degree of polymerization.
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fermentation resulted in the greatest (P < 0.05) butyrate con-
centration (22.5 mg/g) among substrates, whereas GM fermen-
tation resulted in the next greatest concentration (18.7 mg/g).
Among SEC-purified GGMO oligosaccharides, as DP increased,
butyrate production decreased (P < 0.05). Short-chain FOS
fermentation resulted in no butyrate production after 12 h. Total
SCFA production was greatest (P < 0.05) for the SEC-purified
GGMO oligosaccharides compared with TBS. Total SCFA
production increased (P < 0.05) as the DP of the GGMO
fraction increased. Short-chain FOS and Temulose molasses
fermentation did not result in any BCFA production. Also, very
low concentrations of BCFA were produced by any of the test
substrates.
Microbiota. After 12 h of fermentation, Temulose molasses

resulted in the greatest (P < 0.01) Bifidobacterium count among
substrates, whereas Safmannan resulted in the lowest (P < 0.01)
count (Table 4). Lactobacillus counts for Temulose molasses
were greater (P < 0.01) than those for Safmannan and GL,
whereas the remaining substrates were intermediate. E. coli
counts for scFOS and Safmannan were greater (P < 0.01) than
for GL and GM, whereas other counts were intermediate.
Temulose brown sugar resulted in the greatest (P < 0.01) C.
perfringens count, whereas Safmannan resulted in the lowest (P <
0.01) count.

’DISCUSSION

The objective of this in vitro study was to evaluate the
hydrolytic digestibility, fermentability, and prebiotic potential
of Temulose molassses and purified GGMO fractions isolated
from the molasses. After 12 h of fermentation, test substrates
resulted in a significant drop in pH and produced greater
concentrations of SCFA than did the control substrates, scFOS,
or Safmannan. The Temulose substrates also resulted in bene-
ficial shifts in microbial populations compared to the control
substrates. To be classified as a prebiotic, the substrate must “be a
selectively fermented ingredient that allows specific changes,
both in composition and/or activity, in the gastrointestinal
microflora that confers benefits upon host well-being and
health”.27 On the basis of this definition, the Temulose molasses
and SEC-purified GGMO oligosaccharides demonstrated poten-
tial to be prebiotic ingredients.

Saffmannan and scFOS were used as control substrates as
considerable information is known about each. Safmannan is a
mannanoligosaccharide (MOS) derived from the cell wall of yeast.

Short-chain FOS is a fermentable oligosaccharide proven to be
a prebiotic.

Substrates tested were similar in OM content, except for TBS,
which contained a much lower OM content. This substrate may
contain an unknown inorganic substance, perhaps a residual salt
from the fractionation step. The TBS fraction contained a lower
OM concentration than did the Temulose molasses from which
TBS was derived. SEC removed the inorganic impurity as
indicated by fractions of select DP having an OM concentration
near 100%. For discussion of the oligosaccharide composition,
refer to the accompanying paper by Price et al.11

All substrates, except scFOS, had low hydrolytic digestibility
values, resulting in a large amount of substrate for fermentation.
The scFOS substrate used in this study was of low purity, which
allowed a portion of the fructose to be cleaved during in vitro
hydrolytic digestion.

It is evident from pH change data and total SCFA production
data that Temulose substrates were well fermented compared to
control substrates. The Temulose substrates contained various
bound monosaccharides with high concentrations of xylose,
mannose, glucose, and galactose. Fermentative end-product
concentrations were similar to those reported from other in vitro
studies evaluating pure forms of these oligosaccharides, with all
studies noting that these oligosaccharides were well fermented.2-7

TheGL fraction contained the highest concentration of mannose
and total oligosaccharides, which resulted in greater fermentation
as indicated by greater acetate, propionate, and total SCFA
production compared to the other substrates evaluated.

The TBS substrate produced much less acetate (approxi-
mately 100 mg/g) compared to the other Temulose substrates.
Bound monosaccharide compositional differences may have
been a factor. The TBS substrate contained much less mannose
and glucose than did the SEC-purified GGMO oligosaccharides.
However, the SEC-purified GGMO oligosaccharides and the
Temulose molasses produced similar concentrations of acetate,
despite Temulose molasses and TBS being similar in mono-
saccharide composition except for bound xylose concentration.
In this study, we analyzed the six commonly produced SCFA. It is
possible that other SCFAs such as formate, succinate, or malate
were produced from TBS instead of acetate, but these were not
analyzed. The TBS fraction resulted in the greatest pH change
among all substrates tested, potentially indicative of higher
fermentability and higher SCFA production.

Even though the SEC-purified GGMO oligosaccharides were
derived from TBS, they produced greater concentrations of

Table 4. Microbiota Concentration in Batch Culture Fermentation with Control Substrates, Temulose Molasses, Temulose
Brown Sugar (TBS), and Size Exclusion Chromatography-Purified Galactoglucomannan Oligosaccharides after 12 h of
Fermentation with Dog Fecal Inoculuma

fraction

item ScFOSb Safmannan Temulose molasses TBSc GLd GMe GSf SEM

CFU, log10/mL of in vitro fluid

Bifidobacterium spp. 5.8 bc 4.8 a 6.4 e 6.1 d 5.7 b 5.7 b 5.9 cd 0.06

Lactobacillus spp. 8.2 ab 8.1 a 8.3 b 8.2 ab 8.1 a 8.1 ab 8.2 ab 0.04

Escherichia coli 10.0 c 10.0 c 9.8 bc 9.8 bc 9.6 a 9.6 a 9.7 ab 0.05

Clostridium perfringens 7.3 bc 7.0 a 7.2 ab 7.4 c 7.1 ab 7.1 ab 7.3 bc 0.06
aWithin a row, means without a common letter differ (P < 0.01). b ScFOS, short-chain fructooligosaccharides. cTBS, Temulose molasses hydrolyzed
with 0.2 M trifluoracetic acid and precipitated with ethanol. dGL, SEC-purified galactoglucomannan oligosaccharide with a high degree of
polymerization. eGM, SEC-purified galactoglucomannan oligosaccharide with a medium degree of polymerization. fGS, SEC-purified galactogluco-
mannan oligosaccharide with a low degree of polymerization.
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isovalerate compared to TBS that produced no BCFA. Safmannan,
a yeast cell wall-derived MOS, produced a high concentration
of BCFA, likely due to the protein commonly found in this
ingredient.

The DP of a carbohydrate affects the rate and site of
fermentation in the large bowel and also potentially alters the
microbial species that utilize the substrate.8,9,28,29 Both Hernot
et al.28 and Roberfroid et al.29 noted that fructans with a DP of
<10 increased bifidobacteria populations and were fermented at a
faster rate than fructans with a DP of >10. Van Laere et al.9

demonstrated that bifidobacteria preferentially fermented low
DP substrates first and that bacteroides were able to ferment
substrates with a high DP.

Substrates fermented in this study were either SEC-purified
GGMO oligosaccharides (GL, GM, and GS) or a mixture of DP
fractions (Temulose molasses and TBS). The large DP fraction
resulted in greater propionate and total SCFA production. The
small and medium DP fractions, which both had a DP of <10,
resulted in greater butyrate production than did GL. The GS
substrate, but not GM, resulted in a greater bifidobacteria popu-
lation. This result is similar to findings by Van Laere et al.,9 who
noted that lower DP oligosaccharides promote bifidobacteria
populations. The mixed DP fractions, Temulose molasses and
TBS, resulted in the lowest butyrate and total SCFA concentra-
tions, but resulted in the highest bifidobacteria populations.
Substrates with an array of DPs promoted bifidobacteria growth
to a greater extent than select fractions of similar DP.

Roberfroid et al.29 indicated “the observation of 1 log-fold
increase in bifidobacteria is a clear indication of a modification of
the intestinal flora”. In the current study, Safmannan had a final
bifidobacteria population of 4.8 cfu, log10/mL. All other sub-
strates were noted to be at least 0.9 log unit greater than
Safmannan, indicating that Temulose substrates were able to
clearly modify the bifidobacteria population. The Temulose
substrates resulted in either an equal or significantly greater
bifidobacteria population compared to the proven prebiotic,
scFOS. The Temulose molasses resulted in the greatest increase
in the bifidobacteria population after 12 h of fermentation.
Moreover, Temulose substrates inhibited the growth of E. coli
to a greater extent than did Safmannan or scFOS. Inhibition of
growth of E. coli and C. perfringens is viewed as beneficial to large
bowel health. Only slight differences in C. perfringens and
Lactobacillus spp. populations were detected among substrates.

In conclusion, Temulose substrates resisted hydrolytic diges-
tion and were well fermented as indicated by a decrease in pH,
increased SCFA production, and beneficial microbial changes in
comparison to control substrates. On the basis of these results, all
Temulose substrates exhibited prebiotic-like effects. Among
substrates, TBS appears to be least fermentable based on total
SCFA production. The Temulose molasses has the greatest
prebiotic potential based on SCFA production and promotion
of bifidobacteria and lactobacilli growth and inhibition of E. coli
growth. Overall, Temulose substrates were highly fermentable
and may positively affect large bowel health.

’AUTHOR INFORMATION

Corresponding Author
*Postal address: Department of Animal Sciences, University of
Illinois, 132 Animal Sciences Laboratory, 1207 W. Gregory Dr.,
Urbana, IL 61801. Phone: (217) 333-2361. Fax: (217) 333-7861.
E-mail: gcfahey@illinois.edu.

’ACKNOWLEDGMENT

We thank Trina Hartman for technical support and produc-
tion of the test substrates.

’REFERENCES

(1) Topping, D. L.; Clifton, P. M. Short-chain fatty acids and human
colonic function: roles of resistant starch and nonstarch polysaccharides.
Physiol. Rev. 2001, 81, 1031–1064.

(2) Price, N. P. J.; Hartmann, T. M.; Faber, T. A.; Vermillion, K. E.;
Fahey, G. C., Jr. Structural characterization of galactoglucomannan
oligosaccharides and other component carbohydrates from Temulose
molasses. J. Agric. Food Chem. 2011, DOI: 10.1021/jf1037097.

(3) Flickinger, E. A.; Wolf, B. W.; Garleb, K. A.; Chow, J.; Leyer,
G. J.; Johns, P. W.; Fahey, G. C., Jr. Glucose-based oligosaccharides
exhibit different in vitro fermentation patterns and affect in vivo apparent
nutrient digestibility and microbial populations in dogs. J. Nutr. 2000,
130, 1267–1273.

(4) Hughes, S. A.; Shewry, P. R.; Li, L.; Gibson, G. R.; Sanz, M. L.;
Rastall, R. A. In vitro fermentation by human fecal microflora of wheat
arabinoxylans. J. Agric. Food Chem. 2007, 55, 4589–4595.

(5) Smiricky-Tjardes, M. R.; Flickinger, E. A.; Grieshop, C. M.;
Bauer, L. L.; Murphy, M. R.; Fahey, G. C., Jr. In vitro fermentation
characteristics of selected oligosaccharides by swine fecal microflora.
J. Anim. Sci. 2003, 81, 2505–2514.

(6) Stewart, M. L.; Slavin, J. L. Molecular weight of guar gum affects
short-chain fatty acid profile in model intestinal fermentation.Mol. Nutr.
Food Res. 2006, 50, 971–976.

(7) Sunvold, G. D.; Fahey, G. C., Jr.; Merchen, N. R.; Titgemeyer,
E. C.; Bourquin, L. D.; Bauer, L. L.; Reinhart, G. A. Dietary fiber for dogs:
IV. In vitro fermentation of selected fiber sources by dog fecal inoculum
and in vivo digestion and metabolism of fiber-supplemented diets.
J. Anim. Sci. 1995, 73, 1099–1109.

(8) Vickers, R. J.; Sunvold, G. S.; Kelley, R. L.; Reinhart, G. A.
Comparison of fermentation of selected fructooligosaccharides and
other fiber substrates by canine colonic microflora. Am. J. Vet. Res.
2001, 62, 609–615.

(9) Van de Wiele, T.; Boon, N.; Possemiers, S.; Jacobs, H.;
Verstraete, W. Inulin-type fructans of longer degree of polymerization
exert more pronounced in vitro prebiotic effects. J. Appl. Microbiol. 2007,
102, 452–460.

(10) Van Laere, K. M. J.; Hartemink, R.; Bosveld, M.; Schols, H. A.;
Voragen, A. G. J. Fermentation of plant cell wall derived polysaccharides
and their corresponding oligosaccharides by intestinal bacteria. J. Agric.
Food Chem. 2000, 48, 1644–1652.

(11) Garrote, G.; Dominguez, H.; Paraj�o, J. C. Mild autohydrolysis:
An environmentally friendly technology for xylooligosaccharide produc-
tion from wood. J. Chem. Technol. Biotechnol. 1999, 74, 1101–1109.

(12) AOAC. Official Methods of Analysis, 17th ed.; Association of
Official Analytical Chemists: Washington, DC, 2002.

(13) Smiricky, M. R.; Grieshop, C. M.; Albin, D. M.; Wubben, J. E.;
Gabert, V. M.; Fahey, G. C., Jr. The influence of soy oligosaccharides on
apparent and true ileal amino acid digestibilities and fecal consistency in
growing pigs. J. Anim. Sci. 2002, 80, 2433–2441.

(14) Hoebler, C.; Barry, J. L.; David, A.; Delort-Laval, J. Rapid acid
hydrolysis of plant cell wall polysaccharides and simplified quantitative
determination of their neutral monosaccharides by gas-liquid chroma-
tography. J. Agric. Food Chem. 1989, 37, 360–367.

(15) Bourquin, L. D.; Garleb, K. A.; Merchen, N. R.; Fahey, G. C., Jr.
Effects of intake and forage level on site and extent of digestion of plant cell
wall monomeric components by sheep. J. Anim. Sci. 1990, 68, 2479–2495.

(16) Boisen, S. A model for feed evaluation based on in vitro
digestible dry matter and protein. In In Vitro Digestion for Pigs and
Poultry, 1st ed.; Fuller, M. F., Ed.; CABI Publishing: New York, 1991;
pp 135- 145.

(17) Bourquin, L. D.; Titgemeyer, E. C.; Fahey, G. C., Jr. Vegetable
fiber fermentation by human fecal bacteria: cell wall polysaccharide



1853 dx.doi.org/10.1021/jf103737y |J. Agric. Food Chem. 2011, 59, 1847–1853

Journal of Agricultural and Food Chemistry ARTICLE

disappearance and short-chain fatty acid production during in vitro
fermentation and water-holding capacity of unfermented residues.
J. Nutr. 1993, 123, 860–869.

(18) Spears, J. K.; Karr-Lilienthal, L. K.; Bauer, L. L.; Murphy, M. R.;
Fahey, G. C., Jr. In vitro fermentation characteristics of selected glucose-
based polymers by canine and human fecal bacteria. Arch. Anim. Nutr.
2007, 61, 61–73.
(19) Bryant, M. P.; Burkey, L. A. Cultural methods and some

characteristics of some of the more numerous groups of bacteria in
the bovine rumen. J. Dairy Sci. 1993, 36, 205–217.

(20) Erwin, E. S.; Marco, G. J.; Emery, E. M. Volatile fatty acid
analyses of blood and rumen fluid by gas chromatography. J. Dairy Sci.
1961, 44, 1768–1771.
(21) Yu, Z.; Morrison, M. Improved extraction of PCR-quality

community DNA from digesta and fecal samples. Biotech. 2004, 36,
808–812.

(22) Matsuki, T.; Watanabe, K.; Fujimoto, J.; Takada, T.; Tanaka, R.
Development of 16S rDNA gene-targeted group specific primers for the
detection and identification of predominant bacteria in human feces.
Appl. Environ. Microbiol. 2002, 68, 5445–5451.
(23) Collier, C. T.; Smiricky-Tjardes, M. R.; Albin, D. M.; Wubben,

J. E.; Gabert, V. M.; DePlancke, B.; Bane, D.; Anderson, D. B.; Gaskins,
H. R. Molecular ecological analysis of porcine ileal microbiota responses
to antimicrobial growth promotors. J. Anim. Sci. 2003, 81, 3035–3045.
(24) Malinen, E.; Kassinen, A.; Rinttila, T.; Palva, A. Comparison of

real-time PCR with SYBR Green I or 50-nuclease assays and dot-blot
hybridization with rDNA-targeted oligonucleotide probes in quantifica-
tion of selected faecal bacteria. Microbiology (Reading, U.K.) 2003, 149,
269–277.

(25) Wang, R. F.; Cao, W. W.; Franklin, W.; Campbell, W.;
Cerniglia, C. E. A 16S rDNA-based PCR method for rapid and specific
detection of Clostridium perfringens in food. Mol. Cell. Probes 1994, 8,
131–137.

(26) DePlancke, B.; Vidal, O.; Ganessunker, D.; Donovan, S. M.;
Mackie, R. I.; Gaskins, H. R. Selective growth of mucolytic bacteria
including Clostridium perfringens in a neonatal piglet model of total
parenteral nutrition. Am. J. Clin. Nutr. 2002, 76, 1117–1125.
(27) Roberfroid, M. B.; Van Loo, J. A. E.; Gibson, G. R. The

bifidogenic nature of chicory inulin and its hydrolysis products. J. Nutr.
1998, 128, 11–19.
(28) Hernot, D. C.; Boileau, T. W.; Bauer, L. L.; Middelbos, I. S.;

Murphy, M. R.; Swanson, K. S.; Fahey, G. C., Jr. In vitro fermentation
profiles, gas production rates, and microbiota modulation as affected by
certain fructans, galactooligosaccharides, and polydextrose. J. Agric. Food
Chem. 2009, 57, 1354–1361.
(29) Roberfroid, M. Prebiotics: the concept revisited. J. Nutr. 2007,

137, 830–837.


