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Introducing Capillary Electrophoresis with Laser-Induced
Fluorescence Detection (CE-LIF) for the Characterization
of Konjac Glucomannan Oligosaccharides and Their in Vitro
Fermentation Behavior
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The application of capillary electrophoresis with laser-induced fluorescence detection (CE-LIF) as a
tool for the characterization of complex carbohydrate structures was investigated for konjac gluco-
mannan (KGM) oligosaccharide mixtures and the monitoring of their structural changes during 72 h of in
vitro fermentation with human gut flora. Different types of KGM oligosaccharide mixtures were
produced from a KGM polysaccharide using endo-/3-(1,4)-mannanase and endo-/3-(1,4)-glucanase.
Distinction of structures emerging from different enzymatic KGM digests and detection of acetylated
oligosaccharides were possible by both CE-LIF and matrix-assisted laser desorption/ionization—
time-of-flight mass spectrometry (MALDI-TOF MS). Using CE-LIF it could be shown that the endo-3-
(1,4)-glucanase digest exhibited a large degradability of the DP2, DP3, DP5, and DP6 components
during in vitro fermentation, whereas the endo-$-(1,4)-mannanase digest was digested only slightly,
thereby highlighting the influence of structural characteristics on the fermentability by human gut flora.
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INTRODUCTION

The profiling of complex oligosaccharides is an analytical
challenge, complicated by the presence of numerous isomeric
structures. However, the monitoring of structural features of
complex carbohydrate substrates during in vitro and in vivo
fermentation trials with human gut flora is a crucial step for
judging their fate in the human colon and thus their pre-
biotic potential. Prebiotics are defined to be nondigestible
food ingredients that beneficially affect the host by selectively
stimulating the growth and/or activity of one or more desired
bacteria species in the colon and thus improve host health (7).
Prebiotics are associated with nondigestible oligosaccharides
(NDOs), meaning they are transiting the human small intes-
tine inert (2) and, being oligosaccharides, they are defined to
consist of 3—10 monosaccharide units according to [UB-
IUPAC. However, there is no rational or physiological limit
for setting the latter limits of DP10 (3). Frequently used
prebiotic substrates are lactose-based galacto-oligosacchar-
ides (GOS) and fructo-oligosaccharides (FOS)/inulin, and
large numbers of studies have been performed that investi-
gated the prebiotic potential of GOS (4) and FOS (5), con-
firming their selective stimulation of beneficial gut bacteria.
A drawback of these commonly used prebiotics might be their
fast fermentation in the proximal part of the colon (3, 6).
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Many colonic diseases, such as ulcerative colitis and tu-
mors, occur in the distal part of the gastrointestinal tract.
Targeting the more distal colonic regions is therefore an
important issue in the fields of prebiotic research and design
(3, 7). Due to their possible resistance to bacterial metaboliza-
tion in the proximal colon, complex carbohydrate structures
are of increasing interest and need to be tested in vitro and
in vivo for their prebiotic suitability. Earlier studies on the
in vitro fermentability of differently substituted xylo-oligo-
saccharides (XOS) showed that nonsubstituted XOS were
fermented more easily than the more complex structures of
acetylated XOS, although the effect of adaption to the sub-
strate has not been described (8).

Hence, having a combination of acetylation of the sugars
and a backbone of two different sugars, konjac glucomannan
(KGM) and oligosaccharides derived thereof seem to be
promising prebiotic substrates. KGM is a neutral polysac-
charide derived from the tuber of Amorphophallus konjac C.
Koch and native to Southeast Asia (9). It is composed of
f-(1,4)-linked p-mannose and p-glucose residues in a molar
ratio of 1.6:1 (10). Five to ten percent of the hexose residues
are acetylated (/7). However, it has not yet been established if
the acetyl groups are attached to the glucose or mannose
residues, and our knowledge concerning the sequence of the
mannose and glucose residues over the polysaccharidic chain
is still limited. Although efforts have been made to investigate
the monosaccharide sequence, still blockwise (/2) as well as
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random distributions (/0) are being considered. KGM is esti-
mated to be a slightly branched polysaccharide with branches
consisting of 11—16 hexose residues (mannose, glucose, and
galactose) (13).

Besides its potential prebiotic characteristics, KGM is also
known to have beneficial effects on human health and has
been consumed in Asia for centuries. Being a soluble dietary
fiber, it can positively influence hyperglycemia and hyperch-
olesterolemia (/4, 15) and may result in a delayed stomach
emptying, hence providing a feeling of satiety and possibly
facilitating weight loss (16).

Studies of the effect of KGM on the fecal microflora in
Balb/c mice revealed a dose-dependent bifidogenic effect,
especially for hydrolyzed KGM (77). However, the influence
of fermentation on KGM structures has not yet been studied in
detail, mainly due to limited analytical capabilities. Recently,
capillary electrophoresis with laser induced fluorescence
detection (CE-LIF) has been shown to be a suitable technique
for the study of complex oligosaccharide mixtures (18, 19),
which are laborious and difficult to analyze using reversed-
phase high-performance liquid chromatography (RP-HPLC)
(18, 19) or high-performance anion exchange chromatography
(HPAEC) (20 ) and mass spectrometry coupling (HPAEC-MS)
(21). Therefore, in this study CE-LIF and matrix-assisted
laser desorption/ionization—time-of-flight mass spectrometry
(MALDI-TOF MS) were used to elucidate the structural
characteristics and the in vitro fermentation by human gut
flora of structurally different KGM oligosaccharide mixtures.

MATERIALS AND METHODS

Materials and Enzymes. The konjac glucomannan polysac-
charide (KGM native) was obtained from Kalys (Kalys,
St-Ismier, France). The standards used for HPAEC and CE-
LIF were cellodextrin [$-(1,4)-linked glucose oligosaccharides]
and D-(+)-mannose, both from Sigma-Aldrich (Steinheim,
Germany), as well as manno-f-(1,4)-biose, manno-£-(1,4)-
triose, manno-f3-(1,4)-tetraose, and manno-$-(1,4)-pentaose,
all obtained from Megazyme (Bray, Ireland).

The crude cellulase preparation used was produced by Tricho-
derma viride (Maxazyme, DSM Food Specialties, Delft, The Nether-
lands). Endo-f-glucanase VI [EC 3.2.1.4, GH family 7, specific
activity = 11 mU/mg of protein on CM-cellulose (type Akucell AF
0305, Akzo, Arnhem, The Netherlands), 20 mM sodium citrate
buffer, pH 3.5, 30 °C] was purified from this commercial cellulase
preparation according to the method of Beldman et al. (22). Endo-
p-mannanase [EC 3.2.1.78, GH family 5, specific activity = 33U/mg
of protein on palm kernel mannan (extracted and prepared by
Diisterhoft et al. (23), 0.05 M sodium acetate bufter, pH 5, 30 °C]
was purified from a commercial Aspergillus niger enzyme mixture
(Gamanase II1, Novozymes, Bagsvaerd, Denmark) according to the
method of Diisterhoft et al. (24).

Preparation of Oligosaccharides from Konjac Glucoman-
nan Polysaccharide. Digestions with the crude cellulase pre-
paration and with the pure endo-f-(1,4)-mannanase were
performed in 0.05 M sodium acetate buffer at pH 5. KGM
results in highly viscous solutions and tends to form clumps.
Therefore, it had to be prepared by adding the KGM powder
slowly to vigorously stirred water. The KGM polysaccharide
solution (10 mg/mL) was incubated with a 0.1% (v/v) cellulase
concentration. The enzyme level applied for endo-3-(1,4)-man-
nanase was 70 uL of enzyme solution (3.3 U/mL) per milliliter of
substrate solution (5 mg/mL). The incubation with endo-$3-
(1,4)-glucanase VI was performed in 20 mM sodium citrate
buffer at pH 3.5, and 363.6 uL of enzyme solution (0.8 U/mL)
was added per milliliter of substrate solution (5 mg/mL). The
enzyme dosages were chosen according to the best results in
oligosaccharide profile obtained after testing different substrate
to enzyme ratios. The incubation parameters were 30 °C and
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24 h at shaking conditions for all enzymes. After hydrolysis, the
enzymes were inactivated (10 min, 100 °C), and the hydrolysate
was centrifuged (5 min, 10000g, room temperature).

Saponification was performed for 16 h at 4 °C, shaking
conditions (25 mL of 0.2 M NaOH per 200 mg of substrate),
with parts of the KGM digests to obtain deacetylated material.
The solutions were desalted by adding an excess of anion-
exchange resin (AG 50W-X8 resin; Bio-Rad, Hercules, CA)
and freeze-dried.

For a more detailed structural characterization, the oligosac-
charides in the digests were fractionated according to their DP.
Fractionation was performed on a Spectra System HPLC
(Thermo Finnigan, Waltham, MA) equipped with a Bio-Gel
P2 column (1000 x 26 mm, 200—400 mesh, Bio-Rad) thermo-
stated at 60 °C and eluted with Milli-Q water at 0.3 mL/min.
Samples (3—13 mg) were either injected by means of an auto-
sampler or directly applied onto the column.

The column efflux was first led through a refractive index
detector (Shodex RI72, Showa Denko K.K., Tokyo, Japan) be-
fore it was collected in fractions of 10 min by a fraction collector
(Superfrac, GE Amersham, Uppsala, Sweden). Appropriate
fractions were pooled and freeze-dried for further analysis.

Prior to the fermentation experiment, monomers were re-
moved from the initial KGM digests. The cellulase and endo-£-
(1,4)-mannanase digest were subjected to gel filtration on a
Superdex 30 prep grade column (600 x 120 mm, 24—49 um
bead size; GE Amersham, Uppsala, Sweden). Samples of up to
2 g were applied on the column and were eluted with distilled
water (25 mL/min) at room temperature using an Akta Explorer
system (GE Amersham). A Shodex RI-72 detector (Showa
Denko K.K.) was used to monitor the refractive index. Frac-
tions were collected each 2 min with a Superfrac fraction
collector (GE Amersham) and examined for monomers using
HPAEC-PAD. Monomer-free fractions were freeze-dried.

Fermentation. The fermentation broth used was prepared
according to the method of Kabel et al. (8).

A solution of each konjac glucomannan substrate in water
[1% (w/v)] was prepared (S1); for the blank S1 consisted of pure
water. The substrates used were fermented in duplicate. For
solution 2 (S2) bacto yeast nitrogen base (Difico, Detroit, MI)
was dissolved in water (6.7 g/L). Solution 3 (S3) was composed
of 40% (v/v) of a watery salt solution [MgSQO, (0.2 g/L), CaCl,
(0.2 g/L), KoHPO, (1 g/L), KH,PO,4 (1 g/L), NaHCO; (10 g/L),
and NaCl (2 g/L)], 5% (w/v) casein enzymatic hydrolysate
(N-Z Amine A, Sigma, St. Louis, MO), and 0.5% (w/v) sodium
thioglycolate]. S2 and S3 were adjusted to pH 6—7 by | M
NaOH. The three solutions S1, S2, and S3 were combined in a
ratio of (v/v) 17:1:2 in serum flasks, which were filled at 50% and
closed by a butyl rubber stopper. Taking into account Maillard
reactions, filter-sterilized S2 was added only after the flasks had
been autoclaved (15 min, 121 °C).

To create anaerobic conditions, the air in the serum flasks was
exchanged for a N, atmosphere (0.7 bar underpressure) by using
the Anaerobic Lap system (8 cycles) (GR Instruments B.V.,
Wijk bij Duurstede, The Netherlands).

Fecal samples were obtained from three healthy human
volunteers in sterile plastic cups and were processed shortly
after defecation to avoid aerobic conditions. The processing of
the samples was performed according to methods of Kabel
et al. and Hartemink (8, 25). A 10% (w/v) mixed fecal slurry
was prepared by adding one spoon (~5 g) of each fecal sample to
150 mL of buffered peptone water containing L-cysteine—HCI
(0.5 g/L, pH 6.7). The fecal slurry was mixed, and after an
equilibration time of 30 min, the 10-fold diluted feces were
diluted 100 times further by adding them to serum flasks
containing a sterilized solution (pH 6.7) of neutralized bacterial
peptone (1 g/L), sodium chloride (8 g/L), and r-cysteine—HCI
(0.5 g/L) and a N, atmosphere.

Serum flasks containing fermentation medium were inocu-
lated with 20% (v/v) of the volume of S1, S2, and S3 present in
the flask using the 1000-fold fecal dilutions. The serum flasks,
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representing one KGM substrate each, were incubated at 37 °C.
Samples were removed eight times between 0 and 72 h. Enzymes
were inactivated by heating (5 min, 100 °C, 1100 rpm). The
samples were centrifuged, and the supernatants were stored
at —80 °C for further analysis.

For a screening of the bacterial growth, the pH of the super-
natants was measured, and the optical density of the bacterial
residue was determined at 600 nm (GeneQuant pro spectro-
photometer, Biochrom, Cambridge, U.K.).

Analytical Methods. Sugar Composition. The neutral su-
gar content and composition were determined by gas—liquid
chromatography according to the method of Englyst et al. (26)
using inositol as an internal standard. Samples were pretreated
with aqueous 72% H,SO4 (w/w) (1 h, 30 °C), followed by
hydrolysis with 1 M H>SOy4 (3 h, 100 °C) before they were anal-
yzed as volatile alditol acetates on a Carbo Erba Mega 5160 GC
(Thermo Finnigan).

Degree of Acetylation (DA ). The degree of acetylation was
determined according to the method of Voragen et al. (27). The
ester bonds were saponified by 0.4 N NaOH in a water—
isopropanol mixture, and the released acetic acid was deter-
mined on a Spectra System HPLC (Thermo Finnigan) equipped
with an Aminex HPX 87H column (Bio-Rad) and a Shodex
RI72 detector (Showa Denko K.K.). The eluent used was
5.0 mM sulfuric acid (0.6 mL/min, 40 °C).

High Performance Size Exclusion Chromatography. The
molecular weight distribution of large oligosaccharide and poly-
saccharide fractions was investigated by high performance size
exclusion chromatography (HPSEC) using a Spectra System
HPLC (Thermo Finnigan) equipped with a refractive index detector
Shodex RI72 (Showa Denko K.K.). Twenty microliter sample
solutions (5 mg/mL) were injected automatically, using a Thermo
AS3000 autosampler. Separation was performed on three TosoH
Biosep-TSK-Gel G columns in series (4000PWxp—415
3000PWx —2500PWy;, each 300 x 7.5 mm; TosoH, Japan) in
combination with a PWy; guard column (40 x 6 mm; TosoH). For
elution, 0.2 M NaNOj; was used at a flow rate of 0.8 mL/min at
30 °C. The system was calibrated with pullulan standards (Sigma
Chemical Co.; mass range from 180 Da to 790 kDa).

MALDI-TOF MS. For MALDI-TOF MS of oligosacchar-
ides, an Ultraflex workstation (Bruker Daltronics, Bremen,
Germany) equipped with a nitrogen laser of 337 nm was
used. The measurement was performed in the positive mode.
After a delayed extraction time of 200 ns, the ions were ac-
celerated with a 25 kV voltage. The data were collected from
averaging 100 laser shots, with the lowest laser energy necessary
to obtain sufficient spectra intensity.

The mass spectrometer was calibrated with a mixture of
maltodextrins (AVEBE, Veendam, The Netherlands; mass
range of 527—2309 Da as sodium adducts).

For sample preparation, samples (1 mg/mL) were desalted
with anion-exchange material (AG 50W-X8 resin; Bio-Rad).
The desalted samples (1 4L) were mixed directely on a MS target
plate with 2 uL of matrix solution consisting of a watery solution
of 2,5-dihydroxybenzoic acid (10 mg/mL; Bruker Daltonics).
The mix was dried under a stream of warm air.

HPAEC. The oligosaccharide profile was monitored by
HPAEC (Dionex ISC 3000; Dionex, Sunnyvale, CA), equipped
with a Dionex Carbopac PA-1 column (2 x 250 mm) in com-
bination with a Carbopac PA-1 guard column (2 x 50 mm).
Samples (20 uL) of a concentration of 0.1 mg/mL were injected
by means of a Dionex ISC3000 autosampler. The oligomers
were eluted (0.3 mL/min) by using a gradient of 0—400 mM
sodium acetate in 100 mM NaOH during 40 min. Each elution
was followed by a washing step (5 min, 1 M NaOAc in 100 mM
NaOH) and an equilibration step (20 min, 100 mM NaOH).
Detection was performed using a Dionex ED40 detector in the
pulsed amperometric detection mode.

CE-LIF. Samples for CE-LIF were prepared using the
ProteomeLab Carbohydrate Labeling and Analysis Kit
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(Beckman Coulter, Fullerton, CA). To samples containing
approximately 0.1 mg of carbohydrate was added 5 nmol of
maltose as an internal standard and mobility marker. This
mixture was dried using the SpeedVac Concentrator Savant
ISS110 (Thermo Electron Corp., Waltham, MA). The mono-
and oligosaccharides present in the dried sample were labeled
with 9-aminopyrene-1,4,6-trisulfonate (APTS). Separation of
the derivatized carbohydrates was performed using a Proteo-
meLab PA 800 characterization system (Beckman Coulter)
equipped with a polyvinyl alcohol (N—CHO) coated capillary
(50 um x 50.2 cm). Detection was done with a laser-induced
fluorescence detector (LIF) (Beckman Coulter) at an excitation
wavelength of 488 nm and an emission wavelength of 520 nm
after 40 cm capillary length.

The capillary was rinsed with water (5 min, 30 psi) and then
with separation gel buffer (2 min, 30 psi); the rinsing buffer was
exchanged every 20 samples. Subsequently, samples were loaded
hydrodynamically (4 s at 0.5 psi, representing approximately 14
nL of sample solution) on the capillary, which was kept at 25 °C.
Separation was performed in the reversed polarity mode (30 kV,
20 min) in a 25 mM sodium acetate buffer (pH 4.75) containing
0.4% polyethylene oxide.

RESULTS

Production and Characterization of KGM Material.
Knowledge of the characteristics of KGM material is essen-
tial for understanding the changes the material undergoes
upon fermentation with human gut flora.

All KGM materials produced were derived from the
native polymeric KGM. The sugar composition of the native
KGM showed a mannose/glucose molar ratio of 1.5:1 and
galactose contributing to the total sugar content with a mole
percentage of 1%. The DA was determined to be 7.9%.

For a structural characterization, incubation of the poly-
saccharide was performed with endo-$-(1,4)-mannanase and
endo-f3-(1,4)-glucanase.

MALDI-TOF MS was used for a first screening of the
KGM oligosaccharides obtained after the enzymatic diges-
tion of the polymer. The mass spectra obtained showed the
sodium (Na) and potassium (K) adducts of hexose oligo-
mers. Besides, masses were found that indicate the presence
of one to three acetyl groups bound to hexose oligomers.
Applying a mass window ranging from m/z 500 to 2500 made
it possible to detect oligosaccharides of DP3 to DPI14.
Monomers, dimers, and oligosaccharides with DP > 14
were not detected with this method.

The use of a purified endo-f3-(1,4)-glucanase resulted in the
appearance of oligosaccharides covering the whole range of
DP3—DP14 (Figure 1a). Instead, incubation with endo-$3-
(1,4)-mannanase resulted in oligosaccharides showing a
smaller DP range of DP3—DP9 (Figure 1b). Comparison
of the MALDI-TOF mass spectra of the endo-f3-(1,4)-man-
nanase digest and the endo-f3-(1,4)-glucanase digest revealed
a different distribution of acetyl groups on the oligosaccharides
with different DPs. The insets in Figure 1 show the degree of
acetyl substitution of the oligosaccharides, based on the signal
heights of the MALDI-TOF mass spectra. Within one DP the
total height of all Na and K adduct signals was set to 100% and
the relative amount of DP having x, y, z, or k acetyl groups was
indicated. This is merely an indication, because it was only
assumed that all oligomers would have the same response. The
higher the DP, the higher seems to be the amount of single-
acetylated and multiple-acetylated oligosaccharides for both
substrates. The DA of smaller oligomers is higher for the endo-
f-(1,4)-mannanase digest.

Because MALDI-TOF MS is only a screening of the
oligomers present, another method was needed for a more
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detailed characterization. HPAEC-PAD is commonly used
for characterizing oligosaccharidic material. Comparison of
the HPAEC-PAD separation of the series mannose, manno-
biose, and manno-oligosaccharides with the series glucose,
cellobiose, and cello-oligosaccharides (Figure 2a) revealed a
complex elution profile in which elution was certainly not
based on size alone. Cellobiose is eluting almost contempor-
anously with mannopentaose. The mixed glycosidic linkages
of glucose and mannose present in KGM make the chroma-
tograms of KGM oligomers even more complex and an
assignment of the DPs impossible (data not shown). There-
fore, the recently established CE-LIF method was tested for

Tensy |
689 DP4
851 DP5
1013 DP6

1055 DP6*
1175 DP7

1217 DP7*

pp3 4 56 7 8 91011121314

o 3
o
o0 .
n : g5, &,
bl = 5 —% oo ¥ o
N o i b S Shbe TEy g
b & % 09 o+ 3ios e
w: |8 a £ g3, aorirs s Bl
i |5 a oS fO8&oana gy Ner D
oo |R @ - 7 |1895F 0wt o5atEas
@ 2 b @@= wd w08 0050 Aa
2 o g | [2ce] 328850, NgSha o
e - - 0 B 020 88 THX ne a
o & R | 753 R Ton QK
2L LIS TR
L Ldi T L 1L bl T
1
~
«
D

893 DP5*
1337 DP8

1379 DP8*

Thtensity
8

569

pp3 4 5 & 7 8 9

527
851
935 DP5™

773 DP4**
1097

b

1301 DP7***
3
1463 DP8***

1E st
1E—1013

I

500 700 900

1100 1300 1500 1700 1900 2100 2300 250
/-

Figure 1. MALDI-TOF mass spectra of (a) KGM endo-$3-(1,4)-glucanase
digest and (b) KGM endo-£-(1,4)-mannanase digest. Masses indicated
represent sodium adducts. *, Single-acetylated DP; **, double-acetylated
DP; ***, triple-acetylated DP. Insets represent the degree of acetylation per
DP. (Ac = acetyl group.)

Albrecht et al.

its capacity to separate complex oligomer mixtures resulting
from KGM digests. Electrophoretic separation demands
charged molecules. Therefore, the neutral oligosaccharides
were labeled with the 3-fold negatively charged fluorescent
dye APTS. For the standard mixtures a groupwise migration
according to the DP was obtained with CE-LIF (Figure 2b),
which presents a crucial advantage compared to the separa-
tion obtained by HPAEC-PAD.

Analyzing the endo-f-(1,4)-mannanase and endo-f3-
(1,4)-glucanase digests with CE-LIF resulted in electropher-
ograms showing distinct peak clusters with a repeating
pattern, especially for the endo-f-(1,4)-glucanase digest
(Figure 3). Free APTS as well as mono- and oligosaccharidic
components of the endo-f3-(1,4)-mannanase digest migrated
completely between the migration times 3 and 7.5 min,
resulting in a separation window of <4.5 min. The peak
clusters of the endo--(1,4)-glucanase digest were distributed
over the whole separation time of 20 min (electropherograms
shown were all zoomed in to a maximum of 15 min).

For an identification of the DPs in these complex mixtures
of nonacetylated and acetylated oligosaccharides, Biogel P2
fractions of the endo-f-(1,4)-mannanase and endo-3-(1,4)-
glucanase digests were analyzed with CE-LIF. The DPs of
those fractions were estimated by MALDI-TOF MS. Sub-
sequently, it was possible to assign each of these distinct
peak clusters appearing in Figure 3 with their respective DP.
The endo-f(1,4)-mannanase and endo-$-(1,4)-glucanase
digest showed complementary peak patterns.

Clearly, CE is able to separate both acetylated and non-
acetylated oligosaccharides in a single run, whereas the
alkaline HPAEC elution does not give any information on
the presence of acetylated oligosaccharides. Saponified sub-
strates were subjected to CE-LIF analysis to investigate if all
peaks originally present in electropherograms of nonsapo-
nified substrates were still present after saponification. Peaks
that were not present any more were assigned as peaks
representing acetylated oligomers. For the endo-$-(1,4)-
mannanase digest, disappearance of peaks mainly at the
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end of each DP cluster was observed (Figure 4a), whereas for
endo-f3-(1,4)-glucanase, the disappearence of peaks was not
restricted to the end of the DP clusters (Figure 4b). Acetyla-
tion is more abundant for higher DPs in the endo-3-(1,4)-
glucanase digest, whereas saponification effects already clear
changes with DP3 and DP4 in the endo-$-(1,4)-mannanase
digest.

In Vitro Fermentation of KGM Material. Because methods
were now available for a structural characterization, they
were applied to the monitoring of the in vitro fermentation of
KGM substrates. Therefore, oligosaccharides were prepared
by enzymatic digestion of the KGM polymer with endo-f3-
(1,4)-mannanase and a crude cellulase mixture.

Four different KGM substrates and a fermentation blank
(without any carbohydrate source added) were fermented in
duplicate by a fecal slurry consisting of a mix of feces from
three human volunteers. In summary, the substrates used
were a cellulase and an endo-$-(1,4)-mannanase digest of
KGM. The enzymatic digests were used for the fermentation
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Figure 3. CE-LIF electropherogram of (a) KGM endo-3-(1,4)-mannanase
digest and (b) KGM endo-/3-(1,4)-glucanase digest.
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experiments in their monomer-free forms. To test the influence
of the presence of monomers, the cellulase digest was as well
fermented in its monomer-containing form. The behav-
ior of the KGM oligosaccharides was compared to the fermen-
tation behavior of the parental native polysaccharide KGM.

The substrates were autoclaved to exclude bacterial con-
tamination. MALDI-TOF mass spectra of autoclaved en-
zymatically treated KGM material showed largely reduced
signal intensity or even a lack of signals for acetylated
oligosaccharides. All oligosaccharidic KGM mixtures could,
therefore, be considered as substrates low in or without
acetyl groups.

For estimating bacterial growth and activity, OD and pH
in the samples taken during the fermentation experiment
(up to 72 h) were measured. HPSEC, MALDI-TOF MS, and
CE-LIF analysis were used to monitor the in vitro fermenta-
tion and utilization of the polymer or the individual oligo-
saccharidic carbohydrate components.

Results from the duplicate experiment were comparable
and are not further considered.

All KGM samples showed an increase in optical density
and a decrease of pH from an average pH 6.5 to a common
end point of pH 4.7—4.8 during 72 h of in vitro fermenta-
tion. With the monomer-containing cellulase digest, the pH
reached the end point after only 24 h, whereas for the poly-
saccharide a more gradual decrease to the end point pH after
72 h was found. The result for the monomer-free cellulase
digests was situated between these two extrema mentioned.
In contrast, the monomer-free endo-f3-(1,4)-mannanase di-
gest behaved similarly to the monomer-containing cellulase
digests.

The fermentation blank showed neither an increase of OD
nor a decrease in pH upon 72 h of fermentation time.

Studying the degradation pattern of the monomer-con-
taining cellulase digest by CE-LIF revealed the following
characteristics: Monomeric material was fermented during
the first 24 h, and di- and trimers were largely fermented
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especially between 24 and 72 h. For the larger oligomers, no
changes were observed during the in vitro fermentation
(Figure 5a).

The fermentation of the monomer-free cellulase digest
resulted in a different pattern compared to its monomer-
containing analogon (Figure 5b). During the first 24 h, no
changes within the oligosaccharidic material were observed.
Between 24 and 72 h, DP6 was completely and DPS5 largely
degraded, whereas DP4 was more resistant. The areas of the
first peak, identified as a dimer (migration time of 4.7 min),
and the peaks belonging to DP3 (migration time between
5.05 and 5.3 min) decreased also over time. The decrease in
areas over time for the latter peaks described was 50% higher
in the monomer-containing analogue, compared to the
monomer-free preparation.

The CE-LIF electropherograms of the cellulase digest at
t = 0 h (Figure 5) did not completely match with the
electropherogram obtained for the endo-£-(1,4)-glucanase
digest (Figure 3b), as the latter one showed additional side
peaks aside from the common main peaks found for both
electropherograms.

The CE-LIF electropherograms of the monomer-free
endo-f-(1,4)-mannanase digest did not show a distinct de-
gradation pattern. The increase of oligosaccharides with the
size of DP3 indicated, nevertheless, an ongoing carbohydrate
fermentation upon 72 h of fermentation.

MALDI-TOF MS results of the KGM mixtures con-
firmed the degradation of oligosaccharidic material during
the 72 hin vitro fermentation and did not provide any further
information.

Analysis of CE-LIF electropherograms, MALDI-TOF
mass spectra, and HPSEC chromatograms resulted in com-
plementary information concerning the fermentation of
the KGM polymer. As observed by the shift in molecular
weight in Figure 6a, the polymer, which had originally a M,
of =500 000 (=DP 3000), was gradually degraded to oligo-
meric material during 72 h of fermentation. By integrating

the areas under the curves it could be stated that the oli-
gomers formed were also utilized to some extent. The peak
areas representing oligomeric material increased to only
35% of the decreased area belonging to polymeric material
in the HPSEC chromatograms. In Figure 6b, the emergence
of oligomers during the fermentation of the polymer is
shown by CE-LIF electropherograms. The intensity of the
oligomers increased, with DP5 being the most abundant DP
after 72 h. MALDI-TOF mass spectra showed, in addition to
the emerging series of hexoses, the appearances of series of
masses representing single-acetylated hexoses.

DISCUSSION

Characterization of KGM Material. To study the influence
of the chemical structure and the KGM mixture compo-
sition on the fermentability, the KGM material used for
fermentation was characterized in the first part of this study.
Combination of MALDI-TOF MS with results obtained by
applying the recently established CE-LIF method contrib-
uted to a structural approach on endo-f-mannanase and
endo-f3-(1,4)-glucanase digests of KGM.

For KGM with a M/G ratio of 1.5:1, the KGM chain
provided more cleaving sites for an enzymatic digest with
endo-f-(1,4)-mannanase, which is expected to cleave the
glycosidic linkage between two mannose residues (DP3—
DP9 in MALDI-TOF mass spectra) than for an enzymatic
digest with endo-$-(1,4)-glucanase, which is expected to
cleave the glycosidic linkage between two glucose residues
(DP3—DP14 in MALDI-TOF mass spectra). Not only the
excess of mannose residues in the KGM polysaccharide but
also the fact that endo-f-(1,4)-mannanases cleave M—G
bonds in the konjac glucomannan polysaccharidic chain
(28) explains the good degradability of KGM with endo-$3-
(1,4)-mannanase as observed with MALDI-TOF MS.

The enhanced degradation with endo-$-(1,4)-mannanase
was confirmed with CE-LIF, which provided oligosaccharide
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separation that showed advantages over the commonly
performed separation with HPAEC-PAD and can be con-
sidered as the method of choice for the structural analysis of
complex carbohydrate oligosaccharides. Besides the fast
separation (20 min per run), the mole-based detection, and
the detection of acetylated oligosaccharides, a distinct se-
paration in peak clusters representing oligosaccharides of
the same DP was obtained with CE-LIF. A complement-
ary structural composition was found for the endo-$3-(1,4)-
mannanase and the endo-f-(1,4)-glucanase digests of KGM.
Saponification experiments resulted in the detection of
acetylated oligosaccharides that differed in position in the
electropherograms of the endo-$-(1,4)-mannanase and
endo-f3-(1,4)-glucanase digest. The results obtained for the
saponification experiment with CE-LIF analysis (Figure 4)
have to be compared with the results found for the acetyla-
tion pattern with MALDI-TOF MS (Figure 1). Both digests
showed an increased intensity for acetylated oligosaccharides
with increasing DP in their mass spectra as well as in their
electropherograms. However, the endo-f-(1,4)-glucanase di-
gest showed a lower release of acetylated oligosaccharides for
DP2—DP4. The endo--(1,4)-glucanase is therefore assumed
to be less tolerant toward acetylation in the glucomannan
backbone.

Hypothesizing the Chemical Structure of KGM. By com-
bining results, it was possible to form a hypothesis on the
chemical structure. Peak assignment was done by transferring
information given by Cescutti et al. (/0 ), who examined enzy-
matic digests of KGM produced by endo-$-(1,4)-mannanase
(issuing from A. niger) and cellulase (issuing from Penicillum
funiculosum) with CE and "H NMR spectroscopy. Addition-
ally, the migration profile of oligosaccharide standards consist-
ing of fB-linked glucose or mannose moieties was considered.
The action pattern of an enzyme is highly dependent on its
origin as well as the sugar composition of the substrate (29).
Threfore, the action pattern of the endo-3-(1,4)-glucanase and
endo-$-(1,4)-mannanase used can be the easiest verified by
evaluating the dimers formed by these two enzymes (Figure 7a).

The endo-f-(1,4)-glucanase digest resulted in one dimer only,
which did not migrate at the same time as either the cellobiose
standard (GG; migration time of standard GG is indicated
as ** in Figure 7a; G stands for glucose) or the manno-
biose standard (MM; migration time of standard MM is
indicated as *** in Figure 7a; M stands for mannose). The
peak was identified as MG, as endo-f3-(1,4)-glucanases are not
supposed to cleave glycosidic linkage after mannose residues,
but it showed clearly that the endo-5-(1,4)-glucanase used is
capable of cleaving the linkage between glucose and mannose
residues. For the endo-f-(1,4)-mannanase digest, two dimers
were identified, of which one could be identified as MM. The
earlier-migrating dimer was assigned as GM, having a slightly
later migration time than the dimer assigned as MG in the
endo-$3-(1,4)-glucanase digest, and explains the capability of the
endo-f-mannanas used to cleave linkages between mannose
and glucose.

Within each DP, standards composed of glucose units
migrated earlier than standards composed of mannose units
(Figure 2b). On the basis of the latter fact, each peak cluster
representing one DP in the KGM digests was divided into
two subgroups, as demonstrated for DP3 in Figure 7b.
According to the migration profile of the references, the
subgroup migrating earlier (subgroup I) was assigned to be
the one richer in glucose (migration time of standard GGG is
indicated as © " in Figure 7b), whereas the subgroup migrat-
ing later (subgroup II) was assigned to be the one richer
in mannose (migration time of standard MMM is indicated
as © 7 in Figure 7b). A hypothesis on the structures was
formed on the basis of the relative concentrations of trimeric
structures as identified by Cescutti et al. (/0). For the endo-
p-(1,4)-mannanase digest GGM and GMM were reported to
occur in a ratio of 1.00:0.52. Therefore, the peak in subgroup
I was assigned as GGM and the most abundant peak in
subgroup IT as GMM. Also, MMM was identified in sub-
group II by its respective standard and was, as well as MGM,
reported to be a minor component of the trimeric fraction
(10). However, no peak was assigned to MGM in the
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electropherogram. Comigration was assumed. Due to the
saponification trials performed, peaks migrating later than
GMM were assigned to acetylated trimers. Having used a
cellulase preparation, the information given by Cescutti et al.
(MMG/MMM/MGG 1.83:1.00:0.2) (10) was not comple-
tely adaptable to the digestion with endo-£-(1,4)-glucanase
performed in the present study. Neglecting the formation of
MMM, which is, considering the formation of dimers, not
probable to occur by using this pure endo-$-(1,4)-glucanase,
the two trimers were assigned for MGG in subgroup I and
MMG in subgroup II.

This structural characterization confirmed the action ex-
pected for the enzymes applied and justified the assumption
of a clustered migration according to the predominance of
glucose or mannose in the oligomers. Oligomers found in the
endo-f3-(1,4)-glucanase digest were assigned to carry exclu-
sively glucose residues at the reducing end, revealing that
endo-$-(1,4)-glucanases are not able to cleave the frequently
occurring mannotri, -tetra, and -pentaose segments present
in the KGM polymer chain (30). On the other hand, oli-
gomers found in the endo-f-(1,4)-mannanase digest were
assigned to carry exclusively mannose residues at the redu-
cing end but predominantly glucose residues at the nonredu-
cing end. Similar observations were made by Shimahara
et al. (28, 31). The repeating peak pattern obtained in the
electropherograms [especially for the endo-£-(1,4)-glucanase
digest] supports the block model for the KGM polymer
instead of a random distribution of glucose and mannose
residues. However, the higher the DP, the more peaks remain
unknown, due to the increasing complexity of the KGM
oligosaccharides and possible comigrations.

From the literature, it is not known on which sugar resi-
due acetyl groups are preferably situated in KGM. How-
ever, as acetylation intensity is increasing for the higher MW

oligosaccharides in the endo-f3-(1,4)-glucanase digest, which
are assumed to be especially rich in mannose, it can be
assumed that the acetyl groups are preferably attached to
the mannose residues. Furthermore, saponification of endo-
f-(1,4)-mannanase digests resulted in a preferred disappear-
ance of peaks belonging to subgroup II, representing oligo-
saccharides richer in mannose. The investigations made for
the acetylation of a glucomannan from Lupinus varius seed
(32) showed as well acetylation of the mannose residues in
the glucomannan chain.

In Vitro Fermentation of KGM Material. In the second
part of this study, native KGM and oligosaccharide mixtures
representing cellulase and endo-f-(1,4)-mannanase digests
of KGM were successfully fermented by mixed fecal slurries.

Autoclaving the substrates before fermentation signifi-
cantly decreased the level of acetylation. Autoclaving should
be replaced by another sterilization method (e.g., based on
filtration) in subsequent fermentation studies. However,
choosing a sterilization method based on filtration may be
difficult to apply for viscous polysaccharides such as KGM.

During the fermentation course of 72 h, different degra-
dation patterns for the respective KGM substrates were
observed.

Due to the use of a cellulase preparation instead of a pure
endo-f3-(1,4)-glucanase, the initial peak pattern on CE-LIF
showed additional side peaks for the cellulase digest, which
can be explained by the presence of endo-£-(1,4)-glucanases
as well as exo-f-(1,4)-glucosidases in the cellulase prepara-
tion used (22). With the monomer-containing cellulase
digest, a complete utilization of the abundant amount of
monomers occurred during the first 24 h. Dimers and trimers
were largely degraded, and oligosaccharides of DP4—DP6
did not change upon 72 h of fermentation. Monomers
effect the inhibition of enzymes responsible for degrading
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oligosaccharides of higher M, and promote the prevalence
of certain species. The promotion of lactic acid bacteria (esp.
Streptococcus species) by monomeric material and the si-
multaneous suppression of Bacteroides and Bifidobacteria
species have been reported by Olano-Martin et al. (33) and
explain the rapid drop in pH during the first 24 h of
fermentation.

For the monomer-free cellulase digest, differences in the
degradation pattern were observed when compared to the
monomer-containing analogue. This emphasizes the necessity
of removing monomers before fermentation experiments, as
they are also absorbed in the upper gastrointestinal tract and do
not reach the colon. Besides the degradation of DP2 and DP3
a degradation of oligomers =DP5 was observed after an
adaption time of 24 h. DP4 was more resistant to fermentation.
Comparable to that, Kabel et al. (§) found a preferential fer-
mentation of low substituted acetylated xylo-oligosaccharide
with a DP of 3 and a DP >7.

The lack of easily accessible material in the monomer-free
cellulase digest stimulated the development of an environ-
ment having other bacterial enzymes and/or even bacterial
species present, which are responsible for the degradation of
higher M, oligomers. The contribution of a broader range of
bacteria may explain the less pronounced decrease in pH
during the first 24 h (pH =5). Nevertheless, a final pH of 4.6
was reached after 24 h, which is suitable for a suppression of
pathogenic species (7).

According to the mass spectra and electropherograms,
there was hardly any change in the carbohydrate profile
during the 72 h fermentation course of the monomer-free
KGM endo-$-(1,4)-mannanase digest. The large pH drop
and increase in OD during the first 24 h pointed nevertheless
to an ongoing degradation, most probably consisting of a
utilization of low-M,, material hidden by a meanwhile
degradation of high-M,, oligomers out of the range of
detection by MALDI-TOF MS and CE-LIF. The structural
composition has obviously a big influence on the fermenta-
tion behavior: studying the structure of the endo-3-(1,4)-
mannanase digest led to the conclusion that glucose or
cellobiose is most frequently situated at the nonreducing
end. For the cellulase digests it was assumed to be mainly
mannose. Consequently, by the activity of bacterial exoen-
zymes, another set of mono- and dimers is provided for
bacterial metabolization. High amounts of released glucose
and therefore a predominance of lactic acid bacteria are as
well indicated by the rapid drop in pH during the first 24 h of
the fermentation of the endo-f-(1,4)-mannanase digest,
which is similar to the behavior observed for the monomer-
containing cellulase digest.

The fermentation of the parental polysaccharide was
monitored by HPSEC, which showed the gradual degrada-
tion of the polymer (~500 kDa) to an oligosaccharide
mixture (<4 kDa) after 72 h. Emerging oligomers were
characterized by MALDI-TOF MS and CE-LIF. The peak
profile in the electropherograms, of which each DP cluster
could be subdivided into two subgroups again, did not match
exclusively with the profile of one of the enzymatic digests
but was a combination of both, indicating the action of a
broad range of endo- and exoenzymes expressed in the
human colonic flora in order to break down a complex
polysaccharide. The pH decreased very gradually and was
still =5 after 24 h. As was described by Van Laere et al.
(34), the degradation of a polymer is a synergistic action,
resulting in the expression of a broad variety of enzymes and
bacteria.
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Our study showed that the availability of advanced analy-
tical methods is crucial for monitoring and understanding
the behavior of complex carbohydrate structures during
their in vitro fermentation. Structural features, composition,
and method of preparation of the KGM mixtures had a large
influence on the respective fermentation with human fecal
flora.

Combining results obtained from fermentation studies is
necessary for a good understanding of bacterial action.
Therefore, the inclusion of the online CE-LIF-MS coupling,
allowing the assignment of peaks present in CE-LIF electro-
pherograms with their respective masses, is aimed for.
Furthermore, biomolecular methods such as Polymerase
Chain Reaction—Denaturing Gradient Gel Electrophoresis
(PCR-DGGE), a method used for investigating complex
bacterial communities, and quantitative PCR, with which
it is possible to establish a prebiotic index for potential
prebiotic substrates, are currently applied for in vitro fer-
mented konjac glucomannan substrates in our laboratory.
The determination of the bacterial metabolization products
(organic acids) with GC and GC-MS will be our further
approach to completely understand the fate of prebiotic
substrates subjected to human gut flora.

Although in vitro fermentation experiments do not allow a
precise prediction of the fermentation in vivo (lack of
buffered gut environment, strict anaerobicity and influence
of other food components, adaptation of the flora subjected
to prolonged exposure to specific prebiotic, strong influence
of chosen concentrations of substrate to inoculum in in vitro
experiments), they show clearly that the structural modifica-
tion of oligosaccharides presents an effective way to influ-
ence the microbial community in the gut.
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