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Abstract Potato pulp is a poorly utilized, high-volume co-
processing product resulting from industrial potato starch
manufacturing. Potato pulp mainly consists of the tuber
plant cell wall material and is particularly rich in pectin,
notably galactan branched rhamnogalacturonan I type
pectin which has previously been shown to exhibit
promising properties as dietary fiber. The objective of this
study was to solubilize dietary fibers from potato pulp by a
one-step minimal treatment procedure and evaluate the
prebiotic potential of the fibers. Statistically designed
experiments were conducted to investigate the influence
of enzyme type, dosage, substrate level, incubation time,
and temperature on the enzyme catalyzed solubilization to
define the optimal minimal enzyme treatment for maximal
fiber solubilization. The result was a method that within
1 min released 75% [weight/weight (w/w)] dry matter from
1% (w/w) potato pulp treated with 1.0% (w/w) [enzyme/
substrate (E/S)] pectin lyase from Aspergillus nidulans and
1.0% (w/w) E/S polygalacturonase from Aspergillus acu-
leatus at pH 6.0 and 60 °C. Molecular size fractionation of
the solubilized fibers revealed two major fractions: one

fraction rich in galacturonic acid of 10–100 kDa indicating
mainly homogalacturonan, and a fraction >100 kDa rich in
galactose, presumably mainly made up of β-1,4-galactan
chains of rhamnogalacturonan I. When fermented in vitro
by microbial communities derived from fecal samples from
three healthy human volunteers, both of the solubilized
fiber fractions were more bifidogenic than fructo-
oligosaccharides (FOS). Notably the fibers having molec-
ular masses of >100 kDa selectively increased the densities
of Bifidobacterium spp. and Lactobacillus spp. 2–3 times
more than FOS.
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Introduction

Potato pulp resulting as a co-processing product from
industrial potato starch production is made up of the cell
walls of the potato tuber and is mainly composed of pectin,
cellulose, hemicelluloses, in addition to containing residual
starch (Meyer et al. 2009). The monomeric composition of
destarched potato pulp indicates that the potato pulp cell
wall polysaccharides are mainly composed of galactose,
galacturonic acid, arabinose, and rhamnose indicating most
of the cell wall material is made up of homogalacturonan
and rhamnogalacturonan I with long galactan side chains
(Thomassen and Meyer 2010). The fermentability of
enzymatically solubilized fibers from potato pulp was
studied already in 1998 in a small intervention trial in
which seven healthy human volunteers consumed the
potato fiber in different ways (raw, baked, etc.; Olesen et
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al. 1998). Consumption of the enzymatically solubilized
potato fibers increased the end-expiratory H2 and
delayed the oro-cecal transit time and the study therefore
concluded that the soluble potato fibers were fermentable
dietary fibers (Olesen et al. 1998). When rats consumed
similar enzymatically solubilized fibers from potato pulp,
they exhibited a significantly lower weight gain than
control groups fed with cellulose fibers or insoluble potato
pulp fibers (Lærke et al. 2007). In these studies, the
solubilized potato fibers were mixtures of different
molecular structures having different molecular masses.
A first step in obtaining at least a provisional understand-
ing, and a direction for designing the enzymatic solubili-
zation to produce fibers exerting maximal biological
benefits, would be to map the possible relationship
between the solubilized polysaccharide structures and
their putative biological effects by assessing the influence
of the molecular size and composition on the growth of
human intestinal bacteria.

Pectin can be solubilized from plant material by
different enzymes which has been shown by, e.g., Ishii
(1981; 1982). Previously in our lab, multicomponent plant
cell wall degrading enzyme preparations were used to
solubilize pectinaceous fibers from potato pulp (Meyer et
al. 2009). However, the use of monocomponent enzymes
for solubilization entails the possibility of targeting the
enzymatic attack of the substrate, avoiding undesirable
enzyme catalyzed degradation of the released fibers, and
may furthermore provide knowledge about the accessibil-
ity of the pectin in the plant cell wall material. Based on
the available compositional data, the soluble potato fibers
may be hypothesized to be mainly made up of rhamnoga-
lacturonan I fragments having extensive galactan side
chains (Meyer et al. 2009). Pectin lyase, polygalactur-
onase, and presumably pectin methyl esterase would
therefore be relevant enzyme candidates for solubilization
of such dietary fibers from potato pulp. Hence, the
hypothesis behind this study was that it should be possible
to solubilize the potential galactan-rhamnogalacturonan I
dietary fiber fraction from potato pulp by use of a few
selected enzyme activities attacking the pectin homoga-
lacturonan backbone, and the objective of the work was to
test this hypothesis. The action of selected pectinolytic
enzymes on potato pulp was examined in statistically
designed experiments in which the separate and interactive
effects of different reaction factors were also evaluated in
order to design a minimal procedure by which the
maximal amount of fiber could be released. The solubi-
lized fibers were subsequently fractionated into two large
fractions according to molecular mass and the effect of the
potential dietary fibers on the composition of human
intestinal bacterial ecosystems was evaluated by small
scale in vitro fermentation.

Materials and methods

Chemicals

Pectin from citrus fruits, isopropanol, pullulan, polygalactur-
onic acid, D-galactose, L-arabinose, L-rhamnose monohydrate,
D-fucose, D-mannose, D-galacturonic acid monohydrate, and
vitamin K1 were purchased from Sigma-Aldrich (Steinhein,
Germany). Dextran was from Pharmacia (Uppsala, Sweden)
and D-xylose and D-glucose from Merck (Darmstadt,
Germany). Trifluoroacetic acid was from Riedel-deHaën
(Seelze, Germany), anoxic phosphate buffered saline (PBS)
was from Oxoid (Greve, Denmark), FOS (DP 2–8;
Orafti®P95) were obtained from Beneo-Orafti (Tienen,
Belgium), and Tween80 from VWR (Darmstadt, Germany).
All chemicals used were analytical grade.

Pulp and enzymes

Fresh potato pulp was supplied by Lyckeby Stärkelsen
(Kristianstad, Sweden). The potato pulp was stored at −21 °C
until use. The enzymes used are listed in Table 1. The pectin
lyase (PL1), the polygalacturonase (PG1), and the pectin
methyl esterase (PME), all from Aspergillus nidulans, were
produced in fermentations essentially as described by Stratton
et al. (1998). The Pichia pastoris clones transformed with the
pectin lyase gene AN2569.2, the polygalacturonase gene
AN4372.2, and the pectin methyl esterase gene AN3390.2
were obtained from the Fungal Genetic Stock Center as
described by Bauer et al. (2005). The pectin lyase (PL2) from
Aspergillus niger was supplied by Danisco (Brabrand,
Denmark), and the polygalacturonase (PG2) from A.
aculeatus and the Viscozyme® L preparation were from
Novozymes (Bagsværd, Denmark).

Protein concentration in enzyme solutions

Protein was determined by bicinchoninic acid protein assay
with bovine serum albumin as standard (Thermo Fisher
Scientific, Rockford, IL).

Reducing ends

The amount of reducing ends was determined by a
modified down-scaled method described by Lever (1972,
1977). In brief, 1 M bismuth, 1 M potassium sodium
tartrate, and 3 M sodium hydroxide were mixed with
0.5 M sodium hydroxide and 5% [weight/volume (w/v)] 4-
hydroxybenzoic acid hydrazide in 0.5 M hydrochloric acid
in the ratio 1:899:100. The reagent was mixed with a
sample and incubated at 70 °C for 10 min, cooled to room
temperature, and the absorbance was measured at 410 nm
in an Infinite200 microplate reader (Tecan, Salzburg,
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Austria). Data collection was controlled by the program
Tecan i-control version 1.5.14.0 (Tecan). Galacturonic
acid was applied as standard.

Acid hydrolysis and high-performance anion-exchange
chromatography

Hydrolysis of polysaccharides and separation and quantifi-
cation of the monosaccharides by high-performance anion-
exchange chromatography were done as described by
Thomassen and Meyer (2010).

Protein determination in fiber

The protein content was determined as total amino acid
assessment after 6 M hydrochloric acid hydrolysis followed
by separation by ion exchange chromatography (Barkholt
and Jensen 1989).

High-performance size-exclusion chromatography

High-performance size-exclusion chromatography was per-
formed as described by Rasmussen and Meyer (2010) with
the following modifications: The mobile phase and the
sample solution matrix were 0.1 M acetate buffer pH 6.0.
The injected volume was 25 μl and the analysis was carried
out at 30 °C. Molecular markers were pullulan standards with
a mass of 1.3, 10, and 400 kDa, respectively, and dextran with
a mass of 110 kDa.

Enzyme activities

Pectin lyase activity was measured on 1 g/l pectin from citrus
fruits by incubating 1% (w/w) E/S inMcilvaine buffer (mixture
of 0.1M citric acid and 0.2Mdisodium hydrogen phosphate) at
pH 6.0 and 60 °C. The increase in absorbance was determined
at 235 nm during 4 min in an Infinite200 microplate reader
(Tecan, Salzburg, Austria); the data collection was controlled
by the program Tecan i-control version 1.5.14.0 (Tecan). The

extinction coefficient used was 5.5 mM−1·1 -1 (Van den
Broek et al. 1997). The polygalacturonase activity was
measured on 2 g/l polygalacturonic acid by incubating
0.01–0.5% (w/w) E/S in Mcilvaine buffer at pH 6.0 and
60 °C. Samples were collected every minute for 5 min. The
enzyme was inactivated by adding 50 mM NaOH and the
amount of reducing ends was measured as described above.

Removal of starch from potato pulp

The starch was removed from the potato pulp using the
rationalized one-step method described by Thomassen and
Meyer (2010).

Release of fiber from potato pulp

Definition of the required enzyme activities

The statistically designed experiments were randomized,
quadratic modified simplex centroid designs. The tree factors
were: PL1 dose, PG1 dose, PME dose [each 0–5% (w/w) E/S]
in all runs. 1% (w/w) destarched potato pulp in 0.1 M
phosphate buffer pH 6.0 was preheated to 40 °C for 5 min and
the enzymes added. The samples were incubated in a heating
shaker (Eppendorf, Hauppauge, NY) at 750 rpm for 15 min at
40 °C followed by incubation at 100 °C for 10 min before
centrifugation (15,000×g for 10 min). The supernatant was
filtered using a 0.2 μm syringe tip filter (Phenomenex,
Torrance, CA) and precipitated with 70% isopropanol for
30 min at room temperature. After centrifugation (5,000×g
for 5 min) remaining liquid was removed by incubation over
night at 105 °C and the dry matter determined.

Definition of the optimal experimental conditions

The experiments were randomized, quadratic central
composite designs. Each design contained 26 different
combinations of the five factors: dry matter [1–6% (w/w)],
temperature (40–60 °C), time (1–15 min), PL1 dose [0.2–

Table 1 Origin, classification and properties of the enzymes employed in this study

Enzyme Source Molecular
mass (kDa)

Protein
concentration (g/l)

Activity at pH 6,
60 °C (U/mg protein)

Family EC no. Reference

Pectin lyase (PL1) A. nidulans 40 27.5±0.6 0.8± 0.1 PL1 4.2.2.10 Bauer et al. (2006)

Pectin lyase (PL2) A. niger 38 17.2±1.4 0.2±0.0 PL1 4.2.2.10 Limberg et al. (2000)

Polygalacturonase (PG1) A. nidulans 38 56.4±1.7 107±15 GH28 3.2.1.15 Bauer et al. (2006)

Polygalacturonase (PG2)a A. aculeatus 39 – 11±0.8 GH28 3.2.1.15 –

Pectin methyl esterase (PME) A. nidulans 36 55.5±1.3 n.d. CE8 3.1.1.11 Bauer et al. (2006)

The protein levels were used to dose the enzymes at equivalent protein/substrate (w/w) ratios in the fiber release experiments

n.d. Not determined
a Solid enzyme preparation
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2.5% (w/w) E/S], and PG1 dose [0.2–2.5% (w/w) E/S] with
three center points. Destarched potato pulp [1% (w/w)] in
0.1 M phosphate buffer pH 6.0 was preheated to 40–60 °C for
5 min, and the enzymes were added. The samples were
incubated in a heating shaker at 750 rpm for 1–15 min at 40–
60 °C then at 100 °C for 10 min before centrifugation
(15,000×g for 10 min). The supernatant was then filtered
and the solubilized polysaccharides precipitated in isopropa-
nol as described above.

Definition of the right enzyme combination and dose

Destarched potato pulp [1% (w/w)] was preheated at 60 °C
in 0.1 M phosphate buffer pH 6.0 for 5 min. PL1, PL2,
PG1, and PG2 [0–2.5% (w/w)] were added in different
combinations, and the samples were incubated in a heating
shaker at 750 rpm at 60 °C for 0–1 min and at 100 °C for
10 min followed by centrifugation, filtration, and precipi-
tation as described above.

Minimal procedure on destarched or crude potato pulp

Destarched potato pulp [1% (w/w)] or crude potato pulp
corresponding to 1% (w/w) destarched potato pulp was
preheated at 60 °C in 0.1 M phosphate buffer pH 6.0 for
5 min. PL1 [1.0% (w/w) E/S] and PG2 [1.0% (w/w) E/S]
were added and the samples were incubated at 750 rpm at
60 °C for 1, 15, 30, or 60 min and 100 °C for 10 min
followed by centrifugation, filtration, and precipitation as
described above. Samples where no enzyme was added
were treated by incubating the samples at 60 °C for 1 min.

Solubilization of dry matter by Viscozyme® L

Destarched potato pulp [1% (w/w)] or crude potato pulp
corresponding to 1% (w/w) destarched potato pulp was treated
by the optimized procedure described by Meyer et al. (2009).

Fiber production and fractionation: 3 L process

Crude potato pulp was preheated at 60 °C in 0.1 M
phosphate buffer pH 6.0 for 5 min. PL1 [1% (w/w) E/S]
and PG2 [1% (w/w) E/S] was added and incubated at 60 °C
for 1 min followed by heat treatment at 100 °C for 10 min.
The supernatant was filtered through Celite® 545 followed
by ultrafiltration. First, the supernatant was filtered using a
100 kDa polyethersulfone spiral wound ultrafiltration
module (Millipore, Ballerica, MA). Then the permeate
was filtered through a 10 kDa polyethersulfone spiral
wound ultrafiltration module (Millipore). The ultrafiltration
lead to three fractions: <10, 10–100, and <100 kDa. The
fractions were concentrated and precipitated by isopropa-
nol. The precipitated material was collected after centrifu-

gation (2,000×g, 15 min) and dried over night at 40 °C.
The fractions were ground to <2 mm in an Ultra Centrifugal
Mill ZM 200 (Retsch, Haan, Germany). The protein
content, monosaccharide composition, and size distribution
were analyzed as described above.

Analysis of biological activity

Subjects and fecal sampling

Fecal samples were obtained from three healthy volunteers
(mean age 42.7±10.0 years). None of the participants had
been treated with antibiotics for at least 3 months before
attendance and had no history of gastrointestinal disorder.
Whole stools were collected in airtight containers, imme-
diately stored at 4 °C, and processed within 12 h. The fresh
feces samples were homogenized in 50% glycerol (1:1
dilution) in an anerobic cabinet (containing 10% H2, 10%
CO2, and 80% N2) and stored at −80 °C until further
analysis as described below.

In vitro fermentation

Fibers or FOS were added to an autoclaved minimal
basal medium to a final concentration of 5 g (dry
matter)/l in a reaction volume of 2 ml. FOS was applied
as a standard with known bifidogenic effect. The minimal
basal medium contained 2 g/l peptone water, 1 g/l yeast
extract, 0.1 g/l NaCl (1.71 mM), 0.04 g/l (0.23 mM) K2HPO4,
0.04 g/l (0.29 mM) KH2PO4, 0.01 g/l (0.04 mM)
MgSO4∙7H2O, 0.01 g/l (0.07 mM) CaCl2∙2H2O,
2 g/l (23.81 mM) NaHCO3, 0.5 g/l bile salts, 0.5 g/l
L-cysteine hydrochloride, 0.005 g/l hemin, 10 μl/l vitamin
K1 (0.02 mM), 2 ml/l Tween 80, and 0.05‰ (w/v) resazurin
solution. A 10% (w/v) fecal slurry was prepared by mixing
the feces stored in 50% glycerol with anoxic PBS. The
fiber samples were sterilized by ultraviolet light for
3 min and reduced for 24 h in an anerobic cabinet. After
the reduction, the samples were checked to ensure that
no contamination was present. The reduced minimal
medium with added fibers was inoculated to a final
concentration of 1% (w/v) feces. Fermentations of each
fecal sample of each healthy volunteer was done in
triplicate to give 3×3 fermentations that were incubated
at 37 °C for 24 h in an anerobic cabinet.

Extraction of bacterial DNA from fermentation samples

Deoxyribonucleic acid (DNA) was extracted from fermen-
tation samples using the QIAamp DNA Stool mini kit
(Qiagen, Hilden, Germany) with a bead beater step in
advance, as previously described (Leser et al. 2000). The
purified DNA was stored at −20 °C until use.
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Real-time PCR assay conditions

Amplification and detection of purified bacterial DNA by
real-time polymerase chain reaction (PCR) was performed
with the ABI-Prism 7900 HT (Applied Biosystems,
Carlsbad, CA) using optical grade 384-well plates. Each
amplification reaction was done in duplicate in a final
volume of 20 μl containing; 10 μl EXPRESS SYBR®
GreenER™ qPCR SuperMix (Invitrogen, Taastrup, Den-
mark), 10 pmol of each of the primers (Eurofins MWG
Synthesis, Ebersberg, Germany), 2 μl template DNA, and
nuclease-free water purified for PCR. The amplification
program consisted of 1 cycle at 50 °C for 2 min; 1 cycle at
95 °C for 10 min; 40 cycles at 95 °C for 15 s, 60 °C for
1 min; and finally 1 cycle of melting curve analysis for
amplicon specificity at 95 °C for 15 s, 60 °C for 20 s,
increasing ramp rate by 2% until 95 °C for 15 s. The 16 S
rRNA primers used are listed in Table 2. Standard curves
were created for each primer set using serial tenfold
dilutions of bacterial DNA extracted from one of the
fermentation samples with the threshold cycle (Ct) values
calculated by the ABI software (SDS 2.2). The analysis of
the standard curves allowed verification of PCR efficiency
for the chosen PCR conditions (Table 2). The DNA level of
the bacterial target groups for each reaction was calculated
from the standard curves. All results were calculated
relatively as ratios of species DNA levels to total bacteria
expression levels in order to correct data for differences in
total DNA concentration between individual samples.

Statistics

Calculation of means and standard deviations were done in
Excel (Microsoft). The program used for design of the
experimental templates and the evaluation of the effects and
the interactions by multiple linear regression was MODDE
version 7.0.0.1 (Umetrics, Umeå, Sweden). Statistical
analysis of the bioactivity data was performed using
GraphPad PRISM v5.03 for Windows. One-way analysis

of variance (ANOVA) and Dunnett’s posthoc test were
used to determine significant differences among bacteria
populations using the different applied fibers compared
to FOS. Differences were considered to be significant
when P<0.05. All reported data are given as average
values determined after minimum duplicate determination.

Results

Enzyme concentration and activity

The activities of the pectin lyases ranged from 0.2 to 0.8 U/mg,
and the activity of the two polygalacturonases were 11 and 107
U/mg, respectively, lowest for PG2, the enzyme from A.
aculeatus (Table 1).

Release of fibers from potato pulp

Enzyme activities needed

The response contour plot prepared from the data
indicated that it was possible to release at least 70% of
the dry matter by employing only PL1 and PG1 (Fig. 1).
Furthermore, the data indicated that some dry matter was
released from the pulp even without addition of PL1, PG1
or PME (Fig. 1).

Optimal experimental conditions

Since PME was not needed to release >70% of the dry
matter from destarched potato pulp, only the temperature,
dry matter, incubation time, and enzyme dose of PL1 and
PG1 were varied. It was possible to release 74–75% of the
dry matter using 1% (w/w) potato pulp, and 2.5% (w/w)
E/S of both enzymes at 40 °C for 15 min or at 60 °C for
1 min (data not shown). The response surface plot also
indicated that 70% (w/w) of the dry matter could be
released from destarched potato pulp by enzymatic treat-

Table 2 16S rRNA primers for real-time PCR used to quantify the level of the four different bacterial taxa in the in vitro fermentations of the
fecal samples with different potato fibers

Target gene Forward primer
(5′–3′)

Reverse primer
(5′–3′)

Product size (bp) Correlation
coefficient (R2)

Efficiency (%) Reference

Bifidobacterium spp. cgc gtc ygg tgt gaa ag ccc cac atc cag cat cca 244 0.991 94 Delroisse et al. (2008)

Lactobacillus spp. agc agt agg gaa tct tcc a cac cgc tac aca tgg ag 341 0.992 102 Heilig et al. (2002),
Walter et al. (2000)

Firmicutes phylum gga gya tgt ggt tta att cga agc a agc tga cga caa cca tgc ac 126 0.999 100 Guo et al. (2008)

Bacteroidetes phylum gga rca tgt ggt tta att cga tga t agc tga cga caa cca tgc ag 126 0.999 97 Guo et al. (2008)

Total bacteriaa cgg caa cga gcg caa ccc cca ttg tag cac gtg tgt agc c 130 0.999 97 Denman and
McSweeney (2006)

a PCR for the total bacteria primer set was run in parallel for each set of primers for all samples
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ment for 1 min at 60 °C, 1% (w/w) dry matter using either
of three different treatments: 2.5% (w/w) E/S PL1 and 0.2%
(w/w) E/S PG1, or 0.7% (w/w) E/S PL1 and 2.5% (w/w)
E/S PG1, or 1.5% (w/w) E/S of both enzymes (Fig. 2). The
initial dry matter level had a significant effect on the
amount of released dry matter (Fig. 3). The response
surface plots indicated that to have a yield of at least 70%,
the amount of dry matter should be maximum 1.3% (w/w).
Multiple linear regression analysis of the data showed that
an increase in PL1 and PG1 dose would significantly

increase the amount of released dry matter whereas a
decrease in dry matter also increased the release of dry
matter (Table 3). In addition, pectin lyase and dry matter
interaction had a significant effect on the amount of
released dry matter.

Enzyme combination and dose

To assess the optimal procedure for release of minimum
70% (w/w) dry matter from destarched potato pulp,
experiments were made using PL1, PL2, PG1, and PG2 in
different doses and combinations under the conditions
found above. Of the dry matter, 15% (w/w) was released
during the 5 min of preheating with no enzyme present and
around 41% (w/w) after additional 1 min of heating
(Fig. 4a). Incubation with 0.8 and/or 1.6% (w/w) E/S
PL1, PL2, PG1, or PG2 released 41–68% (w/w) dry matter
(Fig. 4a).

The yield increased in response to PL1 and PG1 dosage;
dry matter yield started from 59%, when 0.2% (w/w) E/S
PL1 and PG1 was added and seemed to reach a maximum
at 74–75% (w/w) dry matter, when 1.0% or 2.5% (w/w) of
each enzyme were added (Fig. 4a).

Treatments with a combination of 0.2–0.8% (w/w) E/S
PL1 and PG2 released 60–70% (w/w) of the dry matter,
whereas 1.0–2.5% (w/w) E/S of PL1 and PG2 released 73–
76% of the dry matter (Fig. 4b).

Similar experiments were made with PL2+PG1 and
PL2+PG2, but the general yields obtained were lower
than those obtained with PL1+PG1 and PL1+PG2 (data
not shown).

Based on the results presented above, the best minimal
procedure for releasing 75% of the dry matter was: 1.0%
(w/w) E/S PL1 and 1.0% (w/w) E/S PG2 incubated with
1% (w/w) destarched potato pulp for 1 min at pH 6, 60 °C.
If the objective was to use only one enzyme, it was possible
to release 68% dry matter by applying 0.8% (w/w) E/S PG2
(Fig. 4a). The minimal enzyme dose for releasing 70% by
weight of dry matter was 0.8% (w/w) E/S PL1 and 0.8%
(w/w) E/S PG2 (Fig. 4b). It may be possible to use lower
enzyme dosage, but most likely, it requires the incubation
time to be extended.

Fractionation of released fibers

The minimal procedure using PL1+PG2 was scaled up and
the released fibers were fractionated into three fractions: >10,
10–100, and >100 kDa. The distribution of the dry matter in
fraction 10–100 and >100 kDa was 17% and 71%, respec-
tively. The fraction containing molecules with a mass<
10 kDa was not possible to precipitate with isopropanol and
was therefore considered to be the mass not present in the two
other fractions (11%).

Fig. 2 A three-dimensional response surface showing the amount of
released dry matter [% (w/w)] as function of PL1 [% (w/w) E/S] and
PG1 [% (w/w) E/S]. Q2=0.883, R2=0.991; constant factor: tempera-
ture=60 °C, incubation time=1 min, dry matter=1% w/w

Fig. 1 A response contour plot showing the amount of released dry
matter from potato pulp using PL1, PG1, and PME at pH 6, 40 °C.
PL1=1.00 means that PL1 was present in the highest dose [5% (w/w)
E/S] and no other enzymes were added, and PL1=0.00 means that
PL1 was not present and that the full dose of enzyme was split equally
between PME [2.5% (w/w) E/S] and PG1 [2.5% (w/w) E/S], etc
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Fiber from destarched versus from crude potato pulp

Extended treatment of crude and destarched potato pulp for
up to 1 h under minimal conditions neither increase nor
decrease the yield of released fibers; neither did the yield of
dry matter released during extended treatment without
addition of enzyme change (data not shown). Incubation
of crude and destarched potato pulp with Viscozyme® L (as
described by Meyer et al. 2009) released significantly less
dry matter than incubation with the optimal procedure (data
not shown).

Characterization of the released fibers

Monosaccharide composition of released fibers

The monosaccharide composition in the samples DNE,
CNE, DPP, CPP, and CPP>100 (Table 4) were generally
similar, containing approximately 55–66% galactose, 9–
10% arabinose, and 1.3–1.7% rhamnose, but with some
variation in the glucose levels (Table 5). In contrast, the
main component in CPP10–100 was galacturonic acid
(47.7±5.6%), but the rhamnose level was approximately
the same as in the other fibers (1.4±0.1%; Table 5). No
fucose or xylose was detected in any of the fiber samples.

Molecular size of released fibers

Size exclusion chromatograms of the DNE showed that the
majority of the released dry matter had a molecular mass of
approximately 0.4 and 1.0 kDa (Fig. 5). A limited part of
the sample was made up of molecules having a higher
molecular mass. A similar chromatogram was obtained for
CNE (data not shown). The chromatogram for CPP
contained four main peaks: 0.4, 1.0, 4.8, and >400 kDa.
A similar chromatogram was obtained for DPP (data not
shown). The molecular mass of CPP10–100 was 5.4 kDa
at the highest point of molecular mass distributed almost
equally on each side of the chromatogram top point.
Furthermore, there was a minor peak at molecular mass
of around 0.4 kDa (Fig. 5). In CPP>100, the majority of
the dry matter had molecular mass>110 kDa with
maximum >400 kDa (Fig. 5).

Fig. 3 Three-dimensional response surface showing the amount of
released dry matter [yield,% (w/w)] as function of a PL1 [% (w/w)
E/S] and initial dry matter [% (w/w)] and b PG1 [% (w/w) E/S] and

initial dry matter [% (w/w)]. Q2=0.883, R2=0.991. The constant
factors are set to the center values

Table 3 Multiple linear regression results on the released dry matter
obtained after optimization of experimental conditions for fiber release
(Q2=0.883, R2=0.991)

Parameters and interactions (×) Percent by weight of dry matter

Coefficient P*

Temperature −0.13 No effect

PL1 2.05 1.05×10−5

PG1 2.41 1.07×10−6

Dry matter −17.46 7.80×10−24

Time 0.71 No effect

PL1×dry matter −0.92 0.006

Constant 47.66 1.47×10−33

P* =0.05 indicates significance at the 95% level. The validity of the model
was confirmed by the value of the center points [47.71±1.25% (w/w)]
being close to the coefficient of the constant
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Biological activity

After fermentation in fecal slurries obtained from three
different subjects, quantitative real-time PCR was applied
to measure the density of gene targets encoding 16 S
rRNA of selected bacterial taxonomic units (Fig. 6). The
ability of the released fibers (Table 4) to selectively
stimulate the growth of the given bacterial taxa was
compared to that of FOS. The fecal communities
fermented on CPP>100 had a significantly higher content
of Bifidobacterium than the same fecal communities
fermented on FOS (P<0.05; Fig. 6a). A similar trend
was found for the samples fermented on CPP10–100, but
the difference to FOS did not reach statistical significance
(P<0.10). The Bacteroidetes 16 S rRNA gene content was
significantly higher in the fecal communities fermented on
CNE than those fermented on FOS (P<0.05; Fig. 6c).
There were no differences in the Lactobacillus and
Firmicutes content between the fermentation samples
containing the applied fibers and FOS (Fig. 6b, d,
respectively).

Discussion

When evaluated in a tertiary mixture design using PME,
PL1 and PG1, it was possible to release >70% of the dry
matter from destarched potato pulp by a combination of
PL1 and PG1; the combination released more dry matter
than either enzyme separately (Fig. 1). This confirmed that
homogalacturonan contained galacturonic acid units both
with and without methyl group substitutions and that bonds
between both substituted and unsubstituted galacturonic
acid moieties should be hydrolyzed in order to release the
fibers. PME was expected to catalyze the removal of the
methyl groups, reducing the need for the pectin lyase.
However, the direct effect of PL treatment was higher in
this experimental setup.

Optimization of fiber release

The incubation time and temperature did not significantly
change the amount of dry matter released and therefore
1 min and 60 °C was chosen as optimal (Table 3). The
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Fig. 4 Released dry matter
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pH 6.0 and 60 °C by applying
a no enzyme or one enzyme
or b different combinations of
different enzymes

Table 4 The abbreviated name codes of the released fibers

Sample Abbreviated name code

DNE Destarched potato pulp, fiber released by addition of No Enzyme

DPP Destarched potato pulp, fiber released by Pectin lyase and Polygalacturonase

CNE Crude potato pulp, fiber released by addition of No Enzyme

CPP Crude potato pulp, fiber released by Pectin lyase and Polygalacturonase

CPP10–100 Crude potato pulp, fiber released by Pectin lyase and Polygalacturonase, fraction 10–100kDa

CPP>100 Crude potato pulp, fiber released by Pectin lyase and Polygalacturonase, fraction >100kDa
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higher temperature was chosen to minimize the risk of
microbial growth. Approximately 21–22% by weight of
the crude (dry) potato pulp is starch (Thomassen and
Meyer 2010). The optimization experiments were carried
out on destarched potato pulp to avoid interference from
starch on the enzymatic release and the in vitro fermen-
tation. The same amount of dry matter was released from
destarched and crude potato pulp by applying the minimal
procedure, indicating that the remaining starch polymers
in crude potato pulp were insoluble.

Release of fiber from potato pulp by Viscozyme® L

It has been shown that it is possible to release 28% by
weight of dry matter from destarched potato pulp by and
optimized Viscozyme® L treatment (Meyer et al. 2009).
The experiment was repeated during this study, but the
amount of released dry matter was insignificant as
compared to the amount released by the minimal procedure.
The difference might be due to the Viscozyme® preparation
comprising a number of pectinolytic activities vatalyzing
the degradation of the fibers to a low molecular size, not able
to be precipitated by isopropanol and thereby determined by
the present method.

Release of fibers from potato pulp without addition of enzyme

When destarched potato pulp was incubated at pH 6 and 60 °C
for 1 min 41% by weight of the dry matter was released

(Fig. 4b). A similar amount of dry matter was released from
crude potato pulp (data not shown) eliminating the possibility
that the enzyme used for starch removal caused the increased
amount of released dry matter. The possible influence of
divalent cations viz. chelation might play a role, but this
hypothesis requires further experimental substantiation.

Characterization of the released fibers

The monosaccharide compositions indicated that CPP10–100
and CPP>100 were mainly made up of homogalacturonan
and rhamnogalacturonan I polysaccharides, respectively. The
monosaccharide composition and size-exclusion chromato-
gram indicated that CPP>100 mainly consisted of polysac-
charides of homogalacturonan and rhamnogalacturonan I with
large galactan side chains. This is in complete accordance
with the data obtained with Viscozyme® L treatment on
destarched potato pulp (Meyer et al. 2009) and the tentative
conclusion that the enzymatically released high molecular
weight fraction contained relatively large galactan side
chains (Meyer et al. 2009).

Biological activity

The bioactivity of the released fibers (Table 5) was tested
by fermentation in fecal bacterial communities obtained
from three healthy human subjects. The effect of the fibers
on the content of Bifidobacterium and Lactobacillus was
compared to the effect of FOS. FOS was used as a standard

Fig. 5 Size exclusion
chromatogram of the fractions
released from potato pulp

% (mole) DNE DPP CNE CPP CPP10–100 CPP>100

Glucose 18.1±0.4 10.0±0.5 11.7±0.7 4.8±0.1 10.1±0.5 7.1±1.0

Rhamnose 1.4±0.1 1.3±0.1 1.5±0.1 1.3±0.1 1.4±0.1 1.7±0.3

Galacturonic acid 16.7±0.4 18.5±2.4 14.7±2.8 22.7±1.3 47.7±5.6 13.6±5.0

Galactose 54.8±2.7 58.3±1.2 62.7±3.4 59.1±0.3 32.4±0.4 65.5±0.7

Arabinose 9.0±1.9 9.6±1.2 9.5±1.3 8.6±1.2 3.7±0.7 8.5±0.8

Mannose 0.0±0.0 0.0±0.0 0.0±0.0 1.1±0.1 3.3±0.2 2.3±0.3

Protein n.d. 2.3 n.d. 1.7 1.5 1.4

Table 5 Carbohydrate and pro-
tein content in the fiber released
from potato pulp by the minimal
procedure: 1% (w/w) potato
pulp treated with 1.0% (w/w) E/
S PL1 and 1% (w/w) E/S PG2 at
pH 6.0 and 60 °C for 1 min
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based on its known selective effect on the content of
Bifidobacterium and Lactobacillus (Palframan et al. 2002;
Rycroft et al. 2001; Sanz et al. 2005). Bifidobacterium and
Lactobacillus (in adults consisting of about 4% and less
than 2% of the total microbiota, respectively) were
included in the analysis, since they are associated with
various health benefits in the colon and hence target for
prebiotic treatment (Kleerebezem and Vaughan 2009).
The Bacteroidetes and Firmicutes phyla were included in the
qPCR analysis to study changes in the overall composition
of the intestinal microbiota, which in humans is dominated
by these two phyla. The balance between them is believed to
play a role, e.g., in development of obesity and intestinal
inflammation (Guo et al. 2008; Sokol et al. 2009; Turnbaugh
et al. 2006).

The density of Bifidobacterium was higher after
fermentation on four out of six applied fibers compared
to FOS (Fig. 6a). The stimulation of Bifidobacterial growth
by CPP>100 was significantly higher than FOS (P<0.05),
and a similar trend was observed for CPP10–100. Addition-
ally, CPP10–100 and CPP>100 also stimulated the growth
of Lactobacillus equally well as FOS. These results indicate
that CPP10–100 and CPP>100 have beneficial effects on the
fecal microbiota composition. When considering the differ-
ences in the monosaccharide compositions of the CPP10–
100 and CPP>100 fibers, described above, the data also

indicate that especially long galactan side chains and
presumably also homogalacturonan could be the reason for
the selective stimulation of the growth of Bifidobacterium
and Lactobacillus. Van Laere et al. (2000) tested the
fermentability of arabinogalactan-enriched polysaccharides
from soy on pure cultures of Bifidobacterium and Lactoba-
cillus and showed that both Bifidobacterium and Lactoba-
cillus species were able to partly degrade these fibers. The
level of Bacteroidetes was significantly higher in the
microbial communities fermented on CNE than on FOS.
DNE and CNE have similar monosaccharide composition as
some of the other fibers but lower average molecular mass
(mainly <1 kDa). Van Laere et al. (2000) showed that
Bacteroides strains (belonging to the Bacteroidetes phylum)
were able to degrade arabinogalactooligosaccharides which
could cause the effect shown in Fig. 6c, where CNE
containing mainly oligosaccharides have predominant ability
to selectively increase the abundancy of the Bacteroidetes. It
should be noted that the amount of dry matter added in the in
vitro fermentation was the same for all fibers and since the
amount of dry matter released without addition of enzymes
was less than when enzymes were added, the relative amount
of added starch/glucose in fermentation with CNE and DNE
was higher. Pure culture experiments have been conducted in
previews studies to reveal differences in the growth and
degradation kinetics of specific bacteria (Olano-Martin et al.

Fig. 6 The biological activity of
the fibers on a Bifidobacterium,
b Lactobacillus, c Bacteroidetes,
and d Firmicutes. The bars
represent the average±SEM of
triplicate fermentations. DNA
amount in the fermentation
samples of FOS was set to
100%. Asterisks indicate a
significant difference from the
fermentation samples containing
FOS; *P<0.05
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2002; Rossi et al. 2005). However, the use of human feces as
inocula, as done in this study, gives the ability to examine
simultaneous effects on growth of more bacterial groups at
the same time and to address selective stimulation of given
bacterial taxa in the complex ecosystem constituted by the
fecal population. However, one cannot draw conclusions
from in vitro fermentation on the efficiency of the prebiotic
capacity of the fiber fractions but the prebiotic (bifidogenic)
effect must be considered as promising with regard to
enzymatic released potato fiber as a prebiotic candidate.

In potato pulp galactan, the galactose units are expected
to be mainly β-1,4-linked. By use of the CAZY database
(Cantarel et al. 2009) different species within Bifidobacte-
rium, Bacteroidetes, and Firmicutes were all found to
contain both β-galactosidase (EC 3.2.1.23), endo-β-1,6-
galactanase (EC 3.2.1.-), β-1,3-galactosidase (EC 3.2.1.145),
and endo-β-1,4-galactanase (EC 3.2.1.89). Lactobacillus
species contain the same enzyme activities except endo-
β-1,6-galactanase (EC 3.2.1.-). The response in Fig. 6a for
CPP>100 might indicate that bifidobacteria express partic-
ularly high levels of β-galactanase activity that catalyze the
degradation of β-1,4-galactan allowing the bacteria to utilize
the β-1,4-galactan as a carbon source. Further research is,
however, required to confirm this. In any case, the results
obtained in this study indicate that the enzymatically
produced β-1,4-galactan rich potato fibers, especially those
with high molecular weights, may have potential as
functional food ingredients with bifidogenic properties.
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