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Summary

Arabinoxylan-oligosaccharides (AXOS) are a recently
newly discovered class of candidate prebiotics as —
depending on their structure — they are fermented in
different regions of gastrointestinal tract. This can
have an impact on the protein/carbohydrate fermen-
tation balance in the large intestine and, thus, affect
the generation of potentially toxic metabolites in the
colon originating from proteolytic activity. In this
study, we screened different AXOS preparations for
their impact on the in vitro intestinal fermentation
activity and microbial community structure. Short-
term fermentation experiments with AXOS with an
average degree of polymerization (avDP) of 29
allowed part of the oligosaccharides to reach the
distal colon, and decreased the concentration of
proteolytic markers, whereas AXOS with lower avDP
were primarily fermented in the proximal colon. Addi-
tionally, prolonged supplementation of AXOS with
avDP 29 to the Simulator of Human Intestinal Micro-
bial Ecosystem (SHIME) reactor decreased levels of
the toxic proteolytic markers phenol and p-cresol in
the two distal colon compartments and increased
concentrations of beneficial short-chain fatty acids
(SCFA) in all colon vessels (25-48%). Denaturant gra-
dient gel electrophoresis (DGGE) analysis indicated
that AXOS supplementation only slightly modified the
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total microbial community, implying that the observed
effects on fermentation markers are mainly caused
by changes in fermentation activity. Finally, specific
quantitative PCR (qPCR) analysis showed that
AXOS supplementation significantly increased the
amount of health-promoting lactobacilli as well as of
Bacteroides—Prevotella and Clostridium coccoides—
Eubacterium rectale groups. These data allow con-
cluding that AXOS are promising candidates to
modulate the microbial metabolism in the distal
colon.

Introduction

In recent years, many research efforts have focused on
the modulation of the colonic microbiota and their fermen-
tation processes with the aim of improving host health
(Gibson et al., 1989; Cummings and Macfarlane, 1991;
Manning and Gibson, 2004). An approach to achieve this
goal is the ingestion of prebiotics, food constituents that
are not digestible in the upper gut and that beneficially
affect the host by selectively stimulating growth and/or
activity of one or of a number of health-promoting bacteria
in the colon (Gibson and Roberfroid, 1995). Most of the
currently known or suggested prebiotics in the functional
food industry are oligosaccharides such as lactulose,
fructo-oligosaccharides (FOS), galacto-oligosaccharides
(GOS), soybean oligosaccharides (SOS), lactosucrose,
isomalto-oligosaccharides, gluco-oligosaccharides, xylo-
oligosaccharides (XOS) or palatinose (Manning and
Gibson, 2004). Recently, arabinoxylan-oligosaccharides
(AXOS) have been proposed as alternative prebiotics
(Kontula et al., 2000; Grootaert et al., 2007; Hughes et al.,
2007; Vardakou et al., 2007). AXOS with different average
degrees of polymerization (avDP, i.e. the average number
of xylose residues in their backbone) and average
degrees of substitution (avDS, i.e. the average ratio of
arabinose to xylose), which may present different prebi-
otic properties, can be obtained by enzymatic treatment of
arabinoxylans (AX) from cereals (Delcour etal., 1999;
Swennen et al., 2005; 2006). Arabinoxylans are made up
of B-1,4-linked D-xylopyranosyl residues, substituted at
the C(0O)-3 and/or the C(0O)-2 position with monomeric
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o-L-arabinofuranoside. Ferulic acid can be coupled to the
C(0)-5 of arabinose through an ester linkage (Goesaert
et al., 2005). These structural elements are also present
in AXOS.

Colonic fermentation is an anaerobic process in which
carbohydrates and proteins are metabolized by the micro-
biota of the large intestine. The intestinal microbiome
mainly consists of nine bacterial phyla of which Firmic-
utes, Bacteroides and Actinobacteria are dominant, and
plays a key role in obtaining energy from otherwise
indigestible compounds (Rajilié-Stojanovi¢ et al., 2007;
Turnbaugh et al., 2007). Whereas fermentation of carbo-
hydrates is generally accepted to be beneficial for the host
due to the generation of short-chain fatty acids (SCFA),
fermentation of proteins results in the formation of poten-
tially toxic metabolites such as ammonium ions, indoles,
phenols or amines (Gibson etal, 1989; Nowak and
Libudzisz, 2006). These compounds can alter the mor-
phology and intermediary metabolism of intestinal epithe-
lial cells, and can increase DNA synthesis and promote
tumorigenesis (Kikugawa and Kato, 1986; Macfarlane
and Macfarlane, 1997; Ichikawa and Sakata, 1998). The
proteolytic metabolism is more evident in the distal part of
the colon where proteins are the main substrate available
to the microbiota, whereas the proximal colon presents a
more saccharolytic environment (Cummings and Macfar-
lane, 1991). This correlates with the fact that the majority
of colonic tumours in humans occur in the distal colon and
rectum (Govers et al., 1999).

Many of currently used oligosaccharides are fermented
in the proximal colon and the effect on the distal part is
minor if not absent (Manning and Gibson, 2004; Van de
Wiele et al., 2004; 2007). Therefore, a potential objective
for novel prebiotics would be to shift the proteolytic
metabolism of the distal colon into a more saccharolytic
one. This would also reflect upon the composition of the
autochthonous microbial community which can be analy-
sed in terms of Microbial Resource Management (MRM)
as a novel approach to characterize the microbial ecology
of a given environment (Verstraete, 2007; Marzorati et al.,
2008). Previous studies have indicated that prebiotics
with higher avDP are more resistant to saccharolytic fer-
mentation so that metabolism takes place more distally in
the colon (Hughes and Rowland, 2001).

The aim of the present study was to determine the site
of fermentation of AXOS with different avDP and avDS,
their impact on the protein/carbohydrate fermentation
balance in the distal large intestine, and their influence
on the colon microbiome. For this purpose, the Simulator
of Human Intestinal Microbial Ecosystem (SHIME) was
used. This in vitro system has already been used for
several nutrition studies (De Boever et al., 2000; Meddah
etal., 2001; Van de Wiele etal.,, 2004; 2007; Decroos
et al.,, 2006; Ranganathan et al., 2006) and resulted to be

a useful tool for predicting in vivo events, in terms of
intestinal microbial composition and activity (Molly et al.,
1993). For instance, the SHIME results of a synbiotic
treatment, using hop and Eubacterium limosum, were
recently validated by Possemiers and colleagues (2006;
2008) and Bolca and colleagues (2007) using human
microbiota-associated rats and human trials.

Results

Determination of the fermentation site of AXOS
(short-term SHIME run)

To assess whether AXOS of different avDP and avDS
(3-0.09; 3-0.25; 8-0.23; 15-0.26; 29-0.30) were fermented
by intestinal bacteria and whether inter-individual variabil-
ity could affect this metabolic capability, batch fermenta-
tion tests in a protein-rich medium were performed
starting from six different faecal inocula. These tests con-
firmed that, independently from the donor, the colonic
microbiota possessed the metabolic capability to hydrol-
yse these compounds (data not shown). Besides, to
confirm AXOS non-digestibility in the upper gastrointesti-
nal tract (Hopkins et al., 2003), an in vitro digestion batch
experiment was performed simulating the stomach and
small intestine conditions. Both a simpler AXOS (3-0.09)
and the more complex AXOS (67-0.58) resulted to be
non-digestible in these conditions, as reported in Table 1.
Finally, a test was conducted to assess the main site of
AXOS consumption in different colon compartments.
Sugar analysis indicated that all AXOS except 15-0.26
and 29-0.30 were almost totally consumed after incuba-
tion in the transverse colon compartment (Fig. 1A). For
the latter two AXOS types, about 30% of the initial amount
of sugars remained available for the descending colon
where they were completely consumed.

Table 1. Assessment of non-digestibility of AXOS 3-0.09 and AXOS
67-0.58 in batch experiments simulating stomach and small intestine
conditions.

Time xylose arabinose
Incubation (h) (mg I") (mg I"")
AXOS 3 in stomach 0 24 +0.3 1.9+04
2 2.0+ 0.1 1.6 = 0.6
AXOS 67 in stomach 0 1.5+ 01 1.3 +0.3
2 1.5+ 0.1 1.2+ 04
AXOS 3 in small intestine 0 22*+0.2 1.8 +05
2 1.9 = 0.1 1.6 =05
AXOS 67 in small intestine 0 19+04 1.3+03
2 1.5+ 0.0 1.2+0.3

The amount of released xylose and arabinose are reported as mg I".
Data are means *= SD. The theoretical yield of sugars from AXOS
3-0.09 is 49.56 and 4.38 mg I xylose and arabinose respectively;
from AXOS 67-0.58 is 38.82 and 10.38 mg I-".
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Production of phenol decreased with all supplemented
samples after incubation in the transverse and descend-
ing colon vessels, except for AXOS 3-0.09 (Fig. 1B). More
interestingly, the levels of phenol after the descending
colon incubation were remarkably lower for AXOS 15-0.26
and 29-0.30. In comparison with the control samples, a
decrease of p-cresol production was noted for all supple-
mented AXOS compounds in all colon compartments
(Fig. 1C). Ammonium ions and SCFA levels did not show
significant variations compared with the control samples,
although propionate production seemed to be increased
in the transverse colon in all the supplemented samples
(data not shown).

Long-term effect of AXOS 29-0.30 on the SHIME

Based on the results of the previous tests, AXOS 29-0.30
was chosen to perform a SHIME run (7 weeks) to assess
the long-term effect of this compound on the colon

3 15-0.26 29-0.30 67-0.58 Control

Fig. 1. Concentration of AXOS (A), phenol
(B) and p-cresol (C) after successive batch
incubations simulating the conditions of the
ascending colon (18 h, pH 5.9), transverse

——3-0.09 colon (30 h, pH 6.2) and descending
—m—3-0.25 colon (22 h, pH 6.7) of the SHIME.
—A—8-0.23 Concentration of AXOS was determined as
—%—15-0.26 (Arabinose + Xylose) x 0.88. Initial AXOS
8 99.0.30 concentration was 6.0 g I'. AXOS

preparations are reported in the legend and
below the bars in terms of specific degree
of polymerization and degree of substitution
[i.e. for the diamond in (A), 3 and 0.09
respectively].

M colon ascendens
O colon transversum

Bl colon descendens

M colon ascendens
O colon transversum
colon descendens

metabolism and on the indigenous microbial community.
The SHIME run consisted of 2 weeks of a basal period
during which standard SHIME medium was fed to the
reactor, 3 weeks of treatment period during which part of
the starch of the standard feeding was replaced by AXOS
29-0.30, followed by 2 weeks of washout period in which
standard SHIME medium was fed again to the reactor.
Table 2 shows that replacement of part of the starch
with AXOS 29-0.30 significantly decreased phenol levels
in the descending colon during the treatment period and
resulted in an apparent phenol decrease in the transverse
colon. The decrease in phenol production continued after
that treatment with AXOS had stopped. In the case of
p-cresol, a similar decreasing trend was observed during
and after the treatment, although its concentration in all
samples was very low and only slightly above the detec-
tion limit. The levels of ammonium ions increased
between 1.3- and 1.5-fold in all vessels during the
AXOS treatment period. During the washout period, the

Journal compilation © 2008 Society for Applied Microbiology and Blackwell Publishing Ltd, Microbial Biotechnology, 2, 101-113

No claim to original Belgium government works



104 J. . Sanchez et al.

Table 2. Concentration of SCFA, ammonium ions, phenol, p-cresol and activity of AXOS-degrading enzymes measured in the three vessels of the
SHIME during the basal period (n = 5), treatment with AXOS 29-0.30 (n = 9) and washout period (n = 5).2

Basal period Treatment Washout
Ascending colon
SCFA (mmol I) Acetate 22,5 = 3.1 254 = 3.2 21.3 +3.2
Propionate 13.7 = 21 17.0 = 2.1* 159 1.7
Butyrate 31+x14 5.8 = 1.3* 5.1+ 0.9"
Other SCFA® 1.1x£04 2.1 +04* 1.8 £0.1*
Total SCFA 404 =741 50.2 = 7.0* 441 = 5.9*
Proteolytic markers Ammonium 183 + 48 292 + 27~ 237 = 2*
(mg 1) Phenol 0.41 = 0.13 0.55 = 0.46 0.04 = 0.01*
p-Cresol ND ND ND
AXOS-degrading B-D-xylosidase 3.1 £3.0 102 +£7.0 25*+20
enzymes (AU) o-L-arabinofuranosidase 51*+42 124 +76 20.1 = 4.7¢
Endo-1,4-B-xylanase 0.01 = 0.01 1.52 £ 0.70* 1.30 = 0.02*
Transverse colon
SCFA (mmol I") Acetate 26.8 1.0 34.8 + 5.3* 30.4 = 2.5*
Propionate 16.7 = 1.6 23.8 = 2.0* 229 + 2.5*
Butyrate 35=*1.1 7.8 +1.3* 71 +£1.8*
Other SCFAP 1602 29 +04* 2.5 +0.6"
Total SCFA 495+ 4.0 69.3 + 9.0* 62.9 + 7.3*
Proteolytic markers Ammonium 296 + 18 384 + 73* 364 + 20
(mg I") Phenol 6.27 = 1.33 6.0 = 1.0 4.55 +1.11
p-Cresol 0.41 = 0.29 0.25 = 0.21 0.03 = 0.02*
AXOS-degrading B-D-xylosidase 3.0 =32 256 + 6.1* 14.6 = 5.0*
enzymes (AU) o-L-arabinofuranosidase 7.0+5.0 58.4 = 10.0* 28.4 = 20.2
Endo-1,4-B-xylanase 0.02 = 0.01 2.0 £ 0.5* 0.4 = 0.03"
Descending colon
SCFA (mmol I") Acetate 33.1 =35 37327 335*+1.9
Propionate 16.3 £ 2.7 22,7 £ 27 21.8 = 0.8*
Butyrate 42*+12 8.0 £ 1.3* 6.4 *+17
Other SCFA® 1.8x£0.2 25+ 1.1* 3.2 +21
Total SCFA 554 +7.6 70.5 = 6.9* 64.9 + 6.5
Proteolytic markers Ammonium 321 =8 431 = 62 398 + 30*
(mg I") Phenol 7.87 £1.20 6.39 = 0.63* 4.69 = 1.27*
p-Cresol 0.28 = 0.10 0.21 £ 0.15 0.08 + 0.09*
AXOS-degrading B-D-xylosidase 42 *09 23.3 £ 4* 8.0 = 4.1*
enzymes (AU) o-L-arabinofuranosidase 19.1 £ 4.0 56.7 = 6.1* 31.6 = 4.8*
Endo-1,4-B-xylanase 0.02 + 0.01 1.81 = 0.70* 0.90 = 0.31*

a. Data are means = SD.
b. Sum of valerate, isovalerate and isobutyrate.

*Significantly different from basal period (Student’s two-tailed t-test, P < 0.05).

ND, not detected.

concentrations returned to values close to the ones mea-
sured during the basal period.

The concentration of SCFA increased in all colon
vessels during the treatment period. This increase was
higher for butyric (81%, 125% and 91% for ascending,
transverse and descending colon respectively) and pro-
pionic acids (24%, 43% and 38%) than for acetic acid
(13%, 30% and 12%). Total SCFA concentration
increased about 25%, 48% and 30% in the ascending,
transverse and descending colon, respectively, during the
treatment period. Although a decreasing trend was
observed during the washout period for all SCFA, the
higher concentrations persisted for at least 2 weeks after
treatment ceased.

The activity of three enzymes responsible for hydrolysis
of AXOS (i.e. o-L-arabinofuranosidase, [-D-xylosidase
and endo-1,4-B-xylanase) increased during the supple-
mentation with AXOS in all vessels indicating an induction

effect. This increase was the highest in the transverse and
descending colon vessels (Table 2).

AXOS 29-0.30 effect on the SHIME
microbial community

Plate count analysis for total aerobes and anaerobes
in the different colon compartments delivered similar
concentrations as in previous SHIME runs, yet, AXOS
supplementation did not significantly change these levels
(Table 3). Looking at more specific groups, no significant
changes were observed in the plate counts of coliforms,
lactobacilli, enterococci, clostridia, bifidobacteria and
staphylococci. However, we need to stress that agar plate
techniques have several limitations when dealing with the
colon microbiome, which consists of at least 80% of non-
culturable microorganisms (Eckburg et al., 2005). To over-
come this problem, a molecular microbial ecology survey
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Table 3. Total aerobes and anaerobes microbial Log counts in the colon vessels of the SHIME reactor during basal period (n=4), 3 weeks of

treatment (n = 6) and washout period (n=4).2

Bacterial group Period CA CT CD

Total aerobes Basal 8.2 + 0.53 7.8 = 0.69 7.6 +0.65
Treatment 8.4 = 0.69 8.4 *+0.77 8.1+0.87
Washout 7.7 = 0.31 7.9 +0.21 7.5+0.18

Total anaerobes Basal 8.2+ 0.34 8.0 = 0.21 7.6 = 0.39
Treatment 84 *+ 0.75 8.4 = 0.79 8.2 = 0.86
Washout 7.9 +£0.29 8.3 =+ 0.76 8.3 = 0.82

a. Data are means + SD.

CA, colon ascending; CD, colon descending; CT, colon transversum.

based on the molecular fingerprinting technique dena-
turant gradient gel electrophoresis (DGGE) (on total
bacteria) and quantitative PCR (qPCR) (on total bacteria,
bifidobacteria, lactobacilli, Bacteroides—Prevotella and
Clostridium coccoides—Eubacterium rectale group) was
applied.

DGGE was used to monitor changes in the composition
and structure of microbial communities from the three
colon compartments, throughout the SHIME run of 7
weeks. Samples were collected at the end of every week
from each of the three colon vessels. Clustering of the
DGGE lane fingerprints (Fig. 2) showed that all samples
from the ascending colon (V1) clustered in a separate
group, and that the samples from the transverse (V2) and
descending (V3) colon clustered together in another one.
Within the transverse/descending colon group, samples
from week 5 (end of the treatment) and weeks 6 and 7
(washout) formed separate subclusters (Fig. 2, dashed
squares) indicating that the AXOS supplementation had
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impacted the composition of colonic microbial community
in a way that remained stable also after the treatment.
Among several small changes in the composition and
intensity of the band patterns, a single band appeared
to become dominant following AXOS supplementation
(Fig. 2, black full square). Sequencing of the DNA eluted
from the band identified a bacterial species with a
similarity of 95% (on 164 bp) with Selenomonas sp.
(AF385576).

Range-weighted richness values, indicative of the
carrying capacity of a given environment (Marzorati et al.,
2008), increased in all the three colon compartments:
from 36 to 51 in the colon ascendens, from 32 to 44 in the
colon transversum and from 60 to 68 in the colon descen-
dens. The dynamics of the system, calculated through the
weekly rate of change — after the basal period — was of
8.7 = 2.8%, 3.5 = 1.6% and 5.9 *= 4.8% for ascending,
transverse and descending colon respectively. Finally,
Pareto—Lorenz (PL) curve representation of the functional

Fig. 2. DGGE fingerprint patterns for total
bacteria on 45-60% denaturant gradient.

Loviwe Clustering analysis is based on the Pearson
1 viws product-moment correlation coefficient and
L Vw4 dendrograms were created by using UPGMA
V1 linkage. V1 refers to ascending colon, V2 to
V1W5 .
transverse colon and V3 to descending colon.
Viwe Samples are named as follows: VXWy, where
VI1W7 x represents the number of the vessel and y
VAWA the week of the sampling. Dashed squares
F/oWe ! indicate subclusters of samples within the
1 .
] ' same colon compartment, following AXOS
:V2W7 ! supplementation. Black full square and the
w2ws ! | V2 arrow indicate the band that is enriched
V2W3 following AXOS supplementation.
V2W4
V2w2
1V3W5 !
1V3W6 !
V3WT |
vawa | V3
1 vawz
. Vaws
V3w
V2W1
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organization and structure of the microbial community
was applied to the samples at the end of the basal (W2),
treatment (W5) and washout (W7) periods (Fig. S1).
During the treatment (Fig. S1, dashed line), the numerical
interpretation of the PL curves of the three vessels indi-
cated the presence of structured microbial communities.
The values of the y-axis projection of the respective inter-
cepts with the vertical 20% x-axis line (Marzorati et al.,
2008) were 47%, 45% and 55% for V1, V2 and V3 respec-
tively. In the transverse colon (V2), the effect on the com-
munity structure appeared reversible, with the curve for
sample V2W?7 that returned in the starting position, over-
lapping the one of sample V2W2. On the contrary, the
effect on the structure of the microbial community in the
colon descending remained stable even after the treat-
ment had ceased.

The qPCR data on total bacteria (data not shown) con-
firmed the general increase in cell numbers observed
through plate counts. AXOS supplementation induced
an increase of the amount of both bifidobacteria and
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lactobacilli (Fig. 3). For bifidobacteria, a significant 2.2
times increase of the 16S rRNA gene copies per microlitre
in the ascending colon was observed (P < 0.05), while, for
lactobacilli, the increase was of four times in the ascending
colon and of 1.3 and 1.8 times in the transverse and
descending colon respectively. The increase in bifido-
bacteria concentrations did not persist after the end of the
treatment period, while the lactobacilli concentration in the
transverse colon kept increasing also when the AXOS
supplementation ceased (P < 0.05). Moreover, as reported
by other studies (Kabel et al., 2002; Chassard et al., 2007;
Hughes et al., 2007) also bacteroides and clostridia groups
took advantage of AXOS supplementation. The amount
of microorganisms associated to C. coccoides—E. rectale
group increased of 1.2 Log units after the treatment in the
descending colon and also significantly slightly start to
increase both in the ascending and in the descending colon
during the treatment period (Fig. 3C). Bacteroides concen-
tration significantly increased in all the three colon com-
partments becoming 65% of the total microbial community
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Fig. 3. Concentrations of bifidobacteria (A), lactobacilli (B), Clostridium coccoides—Eubacterium rectale group (C) and Bacteroides—Prevotella
group (D) in the intestinal suspension from the three colon vessels, derived from quantitative PCR. Black bars refer to the basal period; dark
grey bars to the treatment period; light grey bars to the washout period. Below each bar is indicated a number, the percentage of the analysed
group on the total of the microbial community. Asterisks indicate those bars that are significantly different from the basal period (P < 0.05).
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both in the transverse and in the descending colon during
the washout period (Fig. 3D).

Discussion

This work demonstrates the capacity of AXOS to modu-
late the protein/carbohydrate fermentation balance by the
microbiota of the distal colon, which might have health-
related effects. In this context, the presence of AXOS in a
protein-rich environment, which is the case for the distal
colon, led to a decrease in the production of phenol and
p-cresol. Phenol and p-cresol, the main products of
tyrosine fermentation by anaerobic bacteria, can contrib-
ute to colon carcinogenesis (Kikugawa and Kato, 1986;
Macfarlane and Macfarlane, 1997; Smith and Macfarlane,
1997a). The decrease in proteolytic markers was also
described by Smith and Macfarlane (1998), who observed
that the dissimilatory metabolism of proteins and amino
acids was decreased in the presence of fermentable car-
bohydrates such as starch. AXOS supplementation also
increased SCFA production, which is considered benefi-
cial. SCFA contribute to normal large bowel function and
prevent pathology through their actions in the lumen, as
described previously (Demigne etal., 1995; Jan etal,
2002), and on the colonic musculature and vasculature as
well as through their metabolism by colonocytes (Topping
and Clifton, 2001).

The starting batch fermentation tests in a protein-rich
medium confirmed that the colonic microbiota possessed
the metabolic capability to hydrolyse AXOS. Besides, this
initial test conducted with the microbial communities deriv-
ing from faecal samples of six different donors clearly
showed that the metabolic capability of fermenting AXOS
was not limited by inter-individual variability. The latter is a
factor that must be always taken into account in the evalu-
ation of results of specific in vitro and in vivo studies.
However, this preliminary experiment did not take into
consideration that, moving towards the distal part of the
colon, the availability of fermentable carbohydrates nor-
mally decreases due to their consumption by saccharo-
lytic bacteria. Apart from this, fermentable carbohydrate
availability may also be dependent on the structure of the
oligomers. For instance, fructans of longer avDP are more
resistant to saccharolytic fermentation and, as a conse-
quence, their metabolism takes place more distally in the
colon (Van de Wiele et al., 2007). For this reason, a simu-
lated short-term SHIME run was performed to determine
the principal site of fermentation of AXOS with different
avDP and avDS (ascending, transverse or descending
colon) and their contribution to the proteolytic metabolism
of the different segments of the large intestine. All the
AXQOS preparations, with the exception of 3-0.09, resulted
in a decrease in the production of the proteolytic markers
phenol and p-cresol in both the transverse and descend-

ing colon. The effect in the distal colon was higher for the
two AXOS samples with the highest avDP (i.e. AXOS
15-0.26 and 29-0.30) as observed for the lower levels of
phenol. This was in agreement with the results obtained
from the sugar analysis, which indicated a slower fermen-
tation rate of these two AXOS preparations along the
‘intestinal transit’. These results suggested that a higher
avDP was associated with more distal fermentation and
an accompanying effect on proteolytic metabolism in the
distal colon. Results for the proteolytic marker ammonium
ion were less clear-cut than those of phenol and p-cresol
and indicated only slight differences between AXOS and
control samples. Based on the results obtained in the
short-term SHIME run, AXOS 29-0.30 was selected as an
appropriate candidate to study its long-term effect in the
SHIME reactor.

A 3-week supplementation period resulted in a decrease
of the proteolytic markers phenol and p-cresol. The con-
centration of these two compounds continued decreasing
in the transverse and descending colon also after the
treatment had ceased. This would suggest a long-term
effect on the microbial population. Unlike the other pro-
teolytic markers, ammonium ion concentration increased
in all colon vessels during treatment. A similar effect was
observed by Propst and colleagues (2003) in an in vivotrial
using dogs fed with oligofructose and inulin. In both cases,
the faecal concentration of ammonium ions increased with
respect to the control diet, while the level of other pro-
teolytic markers decreased and that of SCFA increased.
Smith and Macfarlane (1997b) observed that the expected
production of ammonium ions by faecal microbiota, based
on amino acid depletion, was rarely observed suggesting
thatammonium ions formed in deamination reactions were
subsequently assimilated and incorporated into cellular
material. However, it is well established that ammonium
ions are commonly absorbed and transported from the
colonic lumen to the portal circulation (Singh et al., 1995).
Such absorption is not possible in an in vitro system like the
SHIME, and this drawback becomes more prominent in
case of microbial communities with high proteolytic activity.
These observations suggest that the level of ammonium
ions must be carefully evaluated as a marker for proteolytic
metabolism in long-term in vitro experiments, due to the
continuous equilibrium between protein digestion and
microbial uptake.

Apart from this, long-term supplementation with AXOS
increased the concentration of beneficial SCFA such as
butyric and propionic acids in all colon vessels. The
increase in total SCFA in the ascending colon compart-
ment (25%) was lower than that observed in the last two
vessels (48% and 30% respectively). In a similar study
(Van de Wiele etal., 2004), supplementation of the
SHIME with inulin resulted in the highest increase in total
SCFA (44%) levels in the ascending colon, whereas this
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was lower in the transverse and descending colon (23%
and 33% respectively). In our case, the difference can be
explained by the lower activity of the AXOS-degrading
enzymes (i.e. xylanases, arabinofuranosidases and
xylosidases) in the first colon vessel. This may well be due
to partial repression caused by the presence of glucose
(Kulkarni et al., 1999) which is a component of the SHIME
feed. Overall, these results indicate that long-term supple-
mentation with AXOS promoted a beneficial metabolic
shift in the SHIME reactor towards more saccharolytic and
less proteolytic conditions.

All these data suggested a long-term effect of AXOS on
the colonic microbial community, even if this hypothesis
was not confirmed by the results of the microbial counts.
Yet, a culture-independent technique such as DGGE
showed that, within a colon compartment, samples
collected after AXOS supplementation subclustered
together. Within the transverse/descending colon group
samples from week 5 (end of the treatment) and weeks
6 and 7 (washout) formed separate subclusters (Fig. 2,
dashed squares), indicating that the AXOS supplementa-
tion impacted the composition of colonic microbial commu-
nity that remained stable also after the treatment. In any
case, as already reported by Van de Wiele and colleagues
(2004), the dominant factor for clustering was the colon
compartment itself from which the samples were taken.

Calculation of the range-weighted richness (a correla-
tion between the number of bands and the GC content
diversity in a given fingerprint) and of the weekly rate of
change (based on the moving window analysis) of the
microbial community in each colon compartment (Marzo-
rati et al., 2008) indicated that AXOS supplementation did
not cause an imbalance in the total microbial community.
The microbial communities had similar balanced struc-
tures, as shown by PL curves, with a low weekly rate of
change also in the washout period. During the treatment
(Fig. S1, dashed line), PL curves also showed in all the
three vessels balanced microbial communities character-
ized by a medium ‘functional organization’, where some
species were dominant and many others resilient, thus
normally preserving their functionality (Marzorati et al.,
2008).

In all the three vessels a common band, phylogeneti-
cally related to Selenomonas, increased during and
after treatment with AXOS. Selenomonas are common
inhabitants of the rumen of animals, where they play an
important role in the fate of xylan from the diet (Cotta and
Zeltwanger, 1995; Cotta and Whitehead, 1998). They
have also been isolated from the human oral cavity and
faeces (Tyrrel et al., 2003; Duncan et al., 2004). Although
the ability of Selenomonas to degrade high avDP polysac-
charides such as xylan is low, some species have been
described as effective users of low-avDP oligosaccha-
rides. These oligosaccharides normally arise during

hydrolysis of xylan by other xylanolytic bacteria such as
Butyrivibrio, Fibrobacter, Eubacterium, Prevotella, Rose-
buria or Bacteroides (Cotta and Zeltwanger, 1995; Chas-
sard et al., 2007). Selenomonas can also utilize lactate
and convert it to acetate and propionate (Duncan et al.,
2004), which would result in positive effects for the host’s
health. Finally, gPCR showed a significant lactobacillo-
genic effect on AXOS supplementation. AXOS promote
the growth of some lactobacilli (Kontula et al., 2000) as
they possess the needed set of enzymes to hydrolyse
the AXOS structure, i.e. o-L-arabinofuranosidase, B-D-
xylosidase and endo-1,4-B-xylanase (Grootaert et al.,
2007). The lactobacillogenic effect remained stable also in
the washout period, especially in the transverse colon
where the AXOS were mainly consumed. Moreover,
AXOS supplementation also induced a positive effect
on the concentration of clostridia and bacteroides in the
distal colon. Within these two groups there are known
xylanolytic bacteria such as Bacteroides intestinalis,
Bacteroides dorei or Roseburia (Duncan etal., 2002;
Chassard et al., 2007; 2008). Finally, the presence of
clostridia and bacteroides may well explain the production
of propionate and butyrate. Bacteroides have a wide
metabolic capability and can produce proprionate from
xylose fermentation (Chassard etal, 2007; 2008).
Clostridia (i.e. Roseburia) can directly produce butyrate
from xylan or this SCFA can be obtained by clostridia
starting from acetate which originates from AXOS fermen-
tation by other intestinal microbial groups (Kabel et al.,
2002; Louis et al., 2004; Chassard et al., 2007; 2008; Lin
et al., 2008; Seedorf et al., 2008).

In conclusion, this work indicates that AXOS of differ-
ent avDP and avDS can be fermented by intestinal
bacteria in a way that brings about positive effects for
human health. To exert this effect in the distal part of the
colon, AXOS preparations with higher avDP, such as
AXOS 29-0.30, must be used in order to prevent total
fermentation during transit through previous compart-
ments. Prolonged supplementation of the SHIME with
AXOS 29-0.30 resulted in: (i) a decreased production of
some potentially toxic compounds derived from microbial
degradation of proteins, which may help to decrease the
risk of alterations of the colon epithelium, (ii) an increase
in levels of beneficial SCFA, especially butyrate and pro-
pionate, and (iii) a long-term effect on the colonic micro-
bial community. The obtained in vitro results indicated
that AXOS, in terms of MRM are promising candidates
to influence the potential of the microbiota normally
associated to the host to modulate a positive response
for the human health. Further studies must be con-
ducted in placebo-controlled dietary intervention trials in
humans to obtain the final proof that these new candi-
date prebiotic compounds can be really classified as
prebiotic.
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Experimental procedures
AXOS preparation

In this work, the different AXOS structures were identified
with two numbers in the form avDP-avDS, where avDP indi-
cated the average degree of polymerization and avDS the
average degree of substitution (ratio arabinose/xylose).

AXOS 3-0.09 was the commercial oligosaccharide
preparation Xylooligo-95P (Suntory, Tokyo, Japan). This
product consists predominantly of xylobiose, xylotriose and
xylotetraose.

AXOS 3-0.25 was prepared from commercial wheat bran
(Dossche Mills & Bakery, Deinze, Belgium) by endoxylanase-
mediated extraction from de-starched and de-proteinized
bran as described by Swennen and colleagues (2006),
except that the endoxylanase extraction was performed for
10 h at 50°C with a GHF11 endoxylanase from Bacillus sub-
tilis (Grindamyl H640, Danisco, Brabrand, Denmark) at 1.2
units per gram of de-starched and de-proteinized wheat bran,
and for another 10 h at 50°C after addition of an endo-
xylanase from Aspergillus aculeatus (Shearzyme 500L,
Novozymes, Bagsvaerd, Denmark) at 21 units per gram of
de-starched and de-proteinized wheat bran.

AXOS 8-0.23 was prepared by incubating a solution
(1:10 w/v) of AXOS 15-0.26 at 30°C during 60 min with the
above GHF10 endoxylanase from A. aculeatus at 75 units
per gram of AXOS 15-0.26. After inactivation of the enzyme
by boiling (30 min), the solution was lyophilized and the
obtained material was homogenized and sieved through a
250 um sieve.

AXOS 15-0.26 and AXOS 29-0.30 were prepared from
the above wheat bran by endoxylanase-mediated extraction
from de-starched and de-proteinized bran as described by
Swennen and colleagues (2006). However, for the latter, the
endoxylanase extraction was performed at 52°C with the
above GHF11 endoxylanase from B. subtilis at 1.2 units per
gram of de-starched and de-proteinized wheat bran.

Analytical techniques

SCFA and ammonium ion levels were determined as
described by Van de Wiele and colleagues (2004). Analysis of
total sugar and reducing end sugars were performed as
described by Swennen and colleagues (2005). Phenol and
p-cresol levels were determined as follows: 20 ul of internal
standard solution (4-ethylphenol, 0.1 g I) was added to 50 pl
of sample which was then acidified with 50 ul of HCI 1.0 M,
saturated with 0.2 g of NaCl and extracted by shaking for
5 min with 0.6 ml of ethyl acetate. After centrifugation at
3000 g for 3 min, 20 ul supernatant was used for HPLC
analysis. Calibration curves were obtained by analysing stan-
dard solutions of phenol and p-cresol in demineralized water,
treated in a similar way as the samples. HPLC was performed
using a Zorbax SB-C18 column [5um, 4.6 mm (inside
diameter) x 150 mm] (Agilent Technologies, Foster City, CA,
USA). Solvents were acetonitrile (A) and 2.0% acetic acid
(B). The solvent programme was: 0—22 min, gradient from
85% to 50% B (15% to 50% A); 22—-25 min, gradient from
50% to 0% B; 25—-30 min, 0% B; 30—-35 min, gradient from 0%
to 85% B. The flow rate was 1.0 ml min~ and the temperature
was set at 25°C. The elution was monitored by detection of

fluorescence (excitation at 260 nm and emission at 305 nm).
Data were collected and peaks integrated using the Chrome-
leon chromatography manager software (Dionex, Tienen,
Belgium).

Enzymatic activities

o-L-arabinofuranosidase, [B-D-xylosidase and endo-1,4-
B-xylanase activities were determined with the sub-
strates p-nitrophenyl-o-L-arabinofuranoside (Sigma-Aldrich,
Bornem, Belgium), p-nitrophenyl-f3-D-xylopyranoside (Sigma-
Aldrich) and Azo-wheat-arabinoxylan (Megazyme, Wicklow,
Ireland) respectively. For the o-L-arabinofuranosidase and
B-D-xylosidase activities, 100 ul of the sample (10 000 g cen-
trifugated) was pipetted into a 96-well plate, with 100 pl of a
5.0 mmol I* solution of substrate, prepared in a 0.1 mmol I
potassium phosphate buffer (pH 6.5). The plates were incu-
bated at 37°C and the absorbance at 405 nm was read after
30 min with a Sunrise multi-well spectrophotometer (Tecan,
Mechelen, Belgium). The p-nitrophenol released was quanti-
fied based on a p-nitrophenol standard curve. The results
were expressed in umol p-nitrophenol released I min~' (AU).
To determine the endo-1,4-3-xylanase activity, 200 pul of the
sample was added to 50 pl of sodium acetate buffer (25 mM,
pH 5.0) and 250 ul of Azo-wheat solution as previously
described by De Schryver and colleagues (2008).

In batch studies to assess AXOS resistance in the
upper gut

The stomach solution, consisting of 14 ml of SHIME feed at
pH 2 (per litre: 1 g of arabinogalactan, 2 g of pectin, 1 g of
xylan, 3 g of starch, 0.4 g of glucose, 3 g of yeast extract, 3 g
of proteose peptone, 1 g of mucin and 0.5 of L-cystein),
pepsin (10 mg I') and AXOS 3-0.09 (XOS) or AXOS 67-0.58
(WPC) (6 g I'"), were incubated at 37°C for 2 h. Thereafter,
6 ml of pancreatic solution (per litre: 12.5 g of NaHCO;,, 6 g of
Oxgal and 1.9 g of pancreatin) was added to simulate small
intestinal conditions, and this solution was incubated for other
2 h at 37°C. Samples for sugar analysis were taken before
and after 2 (stomach) and 4 h (small intestine) of incubation.
Xylose and arabinose concentrations were measured with a
DX-500 BioLC system (Dionex, Antwerpen, Belgium) con-
taining a GP 50 gradient pump, an ED 50 electrochemical
detector, a CarboPac PA10 column and an AS 50 autosam-
pler. The sample was filter-sterilized and 10 times diluted and
a volume of 250 ul was injected. The flow was set on
1 ml min™". Milli-Q water (solution A) and NaOH solutions of
200 mM (solution B) and 1M (solution C) were used to gen-
erate a gradient in the eluent. The gradient programme was
as followed: 8% B from 0 to 10 min, 70% B from 10 to 40 min
and 100% C from 40 to 45 min.

Determination of the fermentation site of AXOS
(short-term SHIME run)

In order to study different AXOS simultaneously, a simulation
of a short-term SHIME run was performed. This consisted of
three successive batch incubations simulating the conditions
of the three SHIME vessels, with a total incubation time of
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72 h (the retention time of the SHIME reactor). Samples
(30 ml) taken from the ascending colon vessel of the SHIME
were buffered with KH,PO, (5.3 g I"") and Na,HPO, (1.4 g I')
and supplemented with 6.0 g I' of the corresponding AXOS
preparation. After anaerobic incubation for 18 h (ascending
colon incubation), 10 ml was taken for analysis and the
remaining volume was used to re-suspend the pellet obtained
after centrifugation (7000 g, 10 min) of an equivalent volume
of sample taken from the transverse colon vessel of the
SHIME reactor. The pH was adjusted to 6.2 and samples
were incubated for 30 h (transverse colon incubation). The
same procedure was repeated using pellet from the descend-
ing colon vessel of the SHIME. The pH was adjusted to 6.7
and samples were incubated for 22 h (descending colon
incubation). After each incubation, samples were analysed
for AXOS consumption, proteolysis markers and SCFA
production.

Long-term SHIME run

The SHIME is a dynamic model of the human gastrointes-
tinal tract. It consists of five double-jacketed vessels main-
tained at a temperature of 37°C, simulating the stomach,
small intestine, ascending colon, transverse colon and
descending colon, respectively, with a total retention time of
76 h. The colon vessels harbour a mixed microbial commu-
nity and pH controllers (pH controller R301; Consort,
Turnhout, Belgium) maintain the pH in the range 5.6-5.9,
6.2-6.5 and 6.6-6.9 in the ascending, transverse and
descending colon simulations respectively. There is no gas
exchange between the different vessels and the headspace
of the culture system was flushed twice a day for 15 min
with N, to ensure anaerobic conditions.

The three colon vessels of the SHIME reactor were inocu-
lated with bacteria from the same faecal sample of a healthy
adult volunteer who had no history of antibiotic treatment in
the 6 months prior to the faecal sample collection for the
study. A stabilization period of 2 weeks after the inoculation
was considered before beginning any assay. The experimen-
tal set-up of the SHIME run was performed as previously
described (Van de Wiele et al., 2004). This included 2 weeks
of a basal period, 3 weeks of treatment period and 2 weeks of
washout period. The composition of the SHIME feed used
during the basal and the washout period was starch
(4.0 g I'"), arabinogalactan (1.0 g I'), pectin (2.0 g I'"), xylan
(1.0 g I'"), glucose (0.4 g I'"), yeast extract (3.0 g I''), peptone
(1.0g "), mucin (4.0gl"), cysteine (0.5gl") (Sigma-
Aldrich). During the treatment period, 3.0 g I' starch was
replaced by 3.0 g I"' AXOS 29-0.30.

Classical microbiological analysis

Decimal dilutions of the samples were plated and incubated
at 37°C. Counts were performed on McConkey-agar (Oxoid,
Basingstoke, UK) for coliforms, MRS-agar (Oxoid) for
lactobacilli, Enterococcus-agar (Difco, Sparks, MD, USA)
for enterococci, TSC-agar (Merck, Darmstadt, Germany) for
clostridia, RB-agar (Hartemink et al., 1996) for bifidobacteria,
MSA-agar (Oxoid) for staphylococci and BHI-agar (Oxoid) for
total aerobes and anaerobes.

Molecular microbiological analyses

DGGE on total bacteria and qPCR on total bacteria, bifido-
bacteria and lactobacilli were performed to study the effect of
AXOS on the structure and composition of the colonic micro-
bial community. Metagenomic DNA was extracted from
samples collected every week for a total of 7 weeks from
each vessel, using QlAamp DNA stool mini kit (Qiagen,
Venlo, the Netherlands) according to the manufacturer’s
instructions. Samples were marked as VxWy, where x repre-
sents the number of the vessel and y the week of the sam-
pling. DGGE with a 45-60% denaturant gradient and with
primers 338F-GC and 518R was performed as reported in
Van de Wiele and colleagues (2004). The obtained DGGE
patterns were subsequently analysed using Bionumerics
software version 2.0 (Applied Maths, Sint-Martens-Latem,
Belgium). A matrix of similarities for the densiometric curves
of the band patterns was calculated based on the Pearson
product-moment correlation coefficient and dendrograms
were created by using UPGMA linkage. MRM interpretation
(range-weighted richness, dynamics and PL curve) was con-
ducted as suggested by Marzorati and colleagues (2008).
The distribution of bands in the DGGE pattern can be corre-
lated with the percentage on denaturant gradient of the gel
needed to represent the sample’s total diversity (within the
limit of the technique). The more habitable the environment,
the higher the probability it can host a high number of bands
with a wide GC variability (in terms of both percentage and
positioning of the GC stretches within the 16S rRNA gene).
This concept can be mathematically expressed by defining
an index for the range-weighted richness (Rr) = (N2 x Dy),
where N represents the total number of bands in the pattern,
and D, the denaturant gradient comprised between the first
and the last band of the pattern. Rr< 10 are characteristic of
environments with a low carrying capacity; values higher than
30, of environments with a high carrying capacity (Marzorati
et al., 2008). The moving window analysis and the rate of
change (dynamics) are measures to estimate the number of
species that, on average, come to significant dominance
(above the detection limit of the technique) at a given habitat,
during a defined time interval. The rate of change parameter
averages the degree of change between consecutive DGGE
profiles of the same community over a fixed time interval
(Wittebolle et al., 2005). Pareto—Lorenz evenness distribution
curves can be constructed based on the DGGE profiles as
previously described (Mertens et al., 2005; Marzorati et al.,
2008; Wittebolle et al., 2008). Quantitative PCR for total bac-
teria using primers PRBA338f and P518r, for bifidobacteria
and for lactobacilli was performed as reported by Possemiers
and colleagues (2006), while qPCRs for C. coccoides—E.
rectale group (also detecting the recently detected xylan-
degrader Roseburia) and Bacteroides—Prevotella group have
been conducted according to Rinttila and colleagues (2004).
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Pareto—Lorenz curves derived from the analysis of
samples in ascending (V1), transverse (V2), and descending
(V3) colon. Full lines refer to samples at the end of the basal
period (W2); dashed lines to samples at the end of the treat-
ment (W5); dotted lines to samples at the end of the washout
period (W7). The interpretation of the curves is based on the
y-axis projection of their respective intercepts with the 20%

x-axis line (grey dash-dotted line), and refers to a low,
medium and high functional strength (M. Marzorati et al.,
2008). The cumulative proportion of species is used as
x-axis, and their respective cumulative proportions of abun-
dances represent the y-axis. The 45° diagonal represents the
perfect evenness of a community (grey full line).

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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