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Abstract

Fermentation of b-glucan fractions from barley [average molecular mass (MM), of

243, 172, and 137 kDa] and oats (average MM of 230 and 150 kDa) by the human

faecal microbiota was investigated. Fractions were supplemented to pH-controlled

anaerobic batch culture fermenters inoculated with human faecal samples from

three donors, in triplicate, for each substrate. Microbiota changes were monitored

by fluorescent in situ hybridization; groups enumerated were: Bifidobacterium

genus, Bacteroides and Prevotella group, Clostridium histolyticum subgroup,

Ruminococcus–Eubacterium–Clostridium (REC) cluster, Lactobacillus–Enterococcus

group, Atopobium cluster, and clostridial cluster IX. Short-chain fatty acids and

lactic acid were measured by HPLC. The C. histolyticum subgroup increased

significantly in all vessels and clostridial cluster IX maintained high populations

with all fractions. The Bacteroides–Prevotella group increased with all but the 243-

kDa barley and 230-kDa oat substrates. In general b-glucans displayed no apparent

prebiotic potential. The SCFA profile (51 : 32 : 17; acetate : propionate : butyrate)

was considered propionate-rich. In a further study a b-glucan oligosaccharide

fraction was produced with a degree of polymerization of 3–4. This fraction was

supplemented to small-scale faecal batch cultures and gave significant increases

in the Lactobacillus–Enterococcus group; however, the prebiotic potential of this

fraction was marginal compared with that of inulin.

Introduction

b-Glucans are components of dietary cereal grains that are

becoming increasingly recognized as functional ingredients

in food and drink products (Angelov et al., 2006; Naumann

et al., 2006). Cereal-derived b-glucans are unbranched

hemicellulosic polymers containing b(1–4)-linked glucose

residues, with b(1–3)-linked glucose residues every

2–3 units (Staudte et al., 1983). A range of metabolic and

physiological responses have been demonstrated from

b-glucan consumption: lowered cholesterol levels in hy-

percholesterolaemic animals and humans (Davidson et al.,

1991, 1993; Braaten et al., 1994; Behall et al., 1997; Hecker

et al., 1998; Brown et al., 1999; Kalra & Jood, 2000;

Kerckhoffs et al., 2002; Delaney et al., 2003; Naumann

et al., 2006); blood insulin and glucose level responses

(Bourdon et al., 1999; Juntunen et al., 2002; Frank

et al., 2004); and increased production of cholecystokinin

(Anderson & Gustafson, 1988; Davidson et al., 1991;

Wood et al., 1994; Bourdon et al., 1999). In contrast, other

studies refute an low-density lipoprotein (LDL) cholesterol-

lowering effect (Leadbetter et al., 1991; Lovegrove et al.,

2000).

A number of mechanisms have been proposed for the

serum cholesterol lowering effect derived from b-glucan

consumption; however, there is conflicting evidence for

each (Malkki et al., 1992; Horton et al., 1994; Marlett et al.,

1994; Roy et al., 2000; Sayar et al., 2005). One such

mechanism suggests that a hypocholesterolaemic effect

occurs secondary to microbial fermentation of b-glucan in

the large intestine; this results in short-chain fatty

acid (SCFA) production, in particular propionate, which

has a demonstrable hypocholesterolaemic effect (Chen et al.,

1984; Nishina & Freedland, 1990; Kishimoto et al.,

1995; Berggren et al., 1996; Hara et al., 1999; Han et al.,

2004). This involves a health-promoting role for b-glucans
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in the lower gastrointestinal tract (GIT); however, some

evidence challenges this (Beaulieu & McBurney, 1992).

Prebiotics are ‘nondigestible (by the host) food ingredi-

ents that have a beneficial effect through their selective

metabolism in the intestinal tract’ (Gibson et al., 2004). This

effect is generally accepted to involve an increase in the

populations and/or activity of Bifidobacterium spp., and

Lactobacillus species. Hughes et al. (2007) demonstrated

that a structure–function relationship existed between the

molecular mass (MM) of wheat-derived arabinoxylan poly-

saccharide fractions and their fermentation properties

in vitro by human faecal microbial communities; whereby

the lowest MM AX fraction had the greatest selectivity for

the Bifidobacterium genus and Lactobacillus–Enterococcus

group, whereas the highest MM fraction was less selective

for these groups. Other work has demonstrated that enzy-

matic pretreatment of polysaccharides to hydrolyse them

into oligosaccharides before supplementation to the diet

also increased their selectivity for bifidobacteria and lacto-

bacilli (Mountzouris et al., 1999; Olano-Martin et al., 2000,

2002; van Laere et al., 2000). b-Glucans and b-glucan

oligosaccharides (b-GO) were previously shown to selec-

tively stimulate the growth of lactobacilli populations in a

rat model (Snart et al., 2006), which suggested that prebiotic

activity could occur in humans.

If SCFAs, and in particular propionate, are implicated in

the hypocholesterolaemic effect of b-glucan it is necessary to

determine the quantity and ratio of different SCFAs pro-

duced from the fermentation of relatively pure b-glucan

fractions (unlike previous studies that used oats, or oat bran

concentrate). Furthermore, it is important to correlate the

specific groups of the microbial communities associated

with b-glucan fermentation and the consequential SCFA

profiles. This investigation will evaluate the fermentation

properties of five fractions of commercially available

b-glucans, either from barley or oats, in pH-controlled and

stirred anaerobic batch culture fermenters. It is anticipated

that the different MM fractions of b-glucan will influence

the fermentation pattern adopted by the human faecal

microbial communities. Furthermore, b-glucan was pre-

treated with endo-b-glucanase (lichenase) to produce

b-glucan hydrolysates; their fermentation properties were

tested in small-scale faecal batch cultures (Sanz et al.,

2005a).

Materials and methods

Materials

Five b-glucan fractions were provided by Megazyme Co.

(Wicklow, Ireland), while inulin (Raftiline) was acquired

from Orafti.

Methods

b-Glucan hydrolysate production

The high MM barley b-glucan fraction was hydrolysed using

lichenase, which is a (1,3)-(1,4)-b-D-glucan-4-glucanohy-

drolase, derived from Bacillus subtilis (Megazyme Co.). It

cleaved the 1,4-linkages of the 3-O-substituted glucose

residues in b-glucan. Three b-glucan hydrolysate fractions

were produced following lichenase hydrolysis, in a

60 1C waterbath; 1 U of activity corresponded to the forma-

tion of 1 nmol of reducing sugar (D-glucose) min�1: hydro-

lysate 1 (H1) was treated with 1 U lichenase, for 20 min;

hydrolysate 2 (H2) was treated with 1 U lichenase, for

60 min; and hydrolysate 3 (H3) was treated with 20 U

lichenase, for 120 min, which ensured complete hydrolysis.

In H3 84% of the degradation products were 3-O-b-

cellobiosyl-D-glucose and 3-O-b-cellotriosyl-D-glucose,

these were oligosaccharides with a degree of polymerization

(DP) of 3 and 4, respectively (Wood et al., 1991a). The

remaining c. 16% of the fraction was higher DP oligosac-

charide material that was derived from the longer sections of

1–4-linked glucose units in the parent b-glucan fraction,

producing oligosaccharides of between DP 5 and 9 (Wood

et al., 1991a).

Complete hydrolysis of the oat and barley b-glucan

fractions using the same b-glucanase as before, followed by

analysis of the b-GO produced from each fraction, provided

linkage information on the b-glucan fractions, i.e. the ratio

of b(1–3) to b(1–4) linkages (Table 1).

Table 1. Physico-chemical properties of the b-glucan fractions

Average

MW� (kDa) Origin

% of fraction within stated MW range (kDa) Calculated

average

MW (kDa)

Ratio of

b(1-4): b(1–3)

linkages

Viscosity�

(cSt, 1%,

30 1C)4 359 o 359, 4 245 o 245, 4 183 o 183, 4 123 o 123, 4 40 o 40

327 Barley 30.5 19.0 13.6 9.4 22.9 4.6 243 2.5 : 1 4 100

260 Barley 17.3 15.3 15.1 12.9 33.2 6.2 172 2.3 : 1 28

137 Barley 13.9 12.6 13.4 13.2 40.5 6.4 137 2.5 : 1 5.6

272 Oat 27.5 18.9 14.4 10.8 24.5 3.8 230 1.6 : 1 69

220 Oat 17.8 13.7 12.1 11.7 38.2 6.6 150 1.5 : 1 20–30

�Data provided by Megazyme, Co. Wicklow, Ireland.
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Characterization of b-glucan and b-glucan
hydrolysates

Solutions (1% w/v) of the b-glucan hydrolysates were

prepared in HPLC grade water and analysed by SE-HPLC

using TSK G6000XL and two TSK G4000 PW columns

(Polymer Laboratories, Shropshire, UK). The eluent was

0.02% (w/v) sodium azide, with a 0.6 mL min�1 flow rate, at

ambient temperature. Dextran standards, with MM between

1 and 670 kDa MM, were used to calibrate the column.

The specific binding of the calcofluor dye to b-glucan

polymers was used as a method for quantifying the b-glucan

fraction MM distributions; this binding caused an increase

in calcofluor fluorescence which was related to the amount

of b-glucan present (Wood et al., 1991b; Rimsten et al.,

2003; Åman et al., 2004). An online postsize exclusion

column detection method was used and the MM distribu-

tion determined with a fluorescence detector that measured

excitation at 410 nm and emission at 460 nm. The MM

distribution of samples was calibrated using b-glucan stan-

dards (provided by Megazyme Co.) with average MM of

40–245 kDa. This method was not sensitive to b-glucan of

o 10 kDa, therefore could not be used to analyse b-glucan

hydrolysate samples (Jørgensen & Aastrup, 1988). The

eluent was 0.02% (w/v) sodium azide, with a 0.5 mL min�1

flow rate, at ambient temperature. A 0.0005% calcofluor

solution was added at 0.05 mL min�1 postcolumn, before

entering a mixing coil.

HPLC analysis of b-glucan hydrolysate was carried out by

producing solutions (1% w/v) of the b-glucan hydrolysates

in HPLC grade water. This was subjected to HPLC analysis

using the RSO oligosaccharide column (Phenomenex, Mac-

clesfield, UK). The eluent was HPLC grade water with a

0.3 mL min�1 flow rate, at 75 1C temperature. A dextran

homopolymer standard (Oxford Scientific, Oxford, UK),

and malto-oligosaccharide standards (Sigma, Poole, UK)

were used to calibrate the column.

In vitro fermentations

pH-controlled anaerobic batch cultures were used to study

the growth of faecal bacteria during fermentation of the oat

and barley derived b-glucans. It consisted of a water-jacket

vessel, maintained at 37oC, that was filled with prereduced

basal culture medium, and the pH maintained at 6.8 for the

duration. This medium contained per litre: 2 g peptone

water (Oxoid Ltd., Basingstoke, UK), 2 g yeast extract

(Oxoid), 0.1 g NaCl, 0.04 g K2HPO4, 0.01 g MgSO4.7H2O,

0.01 g CaCl2.6H2O, 2 g NaHCO3, 0.005 g haemin (Sigma),

0.5 g L-cysteine HCl (Sigma), 0.5 g bile salts (Oxoid), 2 mL

Tween 80, 10 mL vitamin K (Sigma), and 4 mL of 0.025%

(w/v) resazurin solution. 0.5 g (1% w/v) carbohydrate was

partially dissolved for an hour in the medium before

inoculation with a 10% (w/v) faecal slurry which was

prepared by homogenizing fresh human faeces (10%, w/v)

in phosphate-buffered saline (PBS 8 g L�1 NaCl, 0.2 g L�1

KCl, 1.15 g L�1 Na2HPO4 ,and 0.2 g L�1 KH2HPO4) pH 7.3

(Oxoid). The working volume of each culture was 50 mL.

Cultures were conducted in triplicate, for each of three faecal

donors, per carbohydrate (n = 9). The donors, one female

and two male, were healthy, aged 24–29, had not received

antibiotic treatment for at least 3 months before the study,

had not knowingly consumed pre- or probiotic supple-

ments, and had no history of bowel disorders. One sample

was prepared as a control, without any carbohydrate addi-

tion, and another had inulin (Raftline; Orafti: Tienen,

Belgium) supplemented as a positive prebiotic control

(Gibson, 1999; Roberfroid, 1999; de Wiele et al., 2004; Rossi

et al., 2005). Sample time points were 0, 5, 10, and 24 h (and

48 h for SCFA analysis).

A small-scale in vitro fermentation method (validated

against 150 mL pH-controlled batch cultures) (Sanz et al.,

2005a) was used to study the growth of faecal bacteria

during the fermentation of b-GO. The fermentation of each

treatment was conducted in triplicate on each of three faecal

donors (n = 9). Two of the three donors were common to

the b-glucan investigation above. Carbohydrate (10 mg) was

mixed in autoclaved basal medium (same ingredients as

described above) to give a final concentration of 1% (w/v).

One sample was prepared as a control, without any carbo-

hydrate addition, and inulin was used as a positive prebiotic

control. Samples were inoculated with 1 mL faecal slurry

(prepared as above). All additions, inoculations and incuba-

tions were carried out inside an anaerobic cabinet (10% H2,

10% CO2, and 80% N2) at 37 1C, in Hungate tubes, that

were shaken at 300 r.p.m. to ensure a homogenous distribu-

tion of carbohydrate. pH was not maintained. Samples were

taken from the inoculum and at 12 h from the treated

samples for bacterial counts.

Enumeration of bacteria

The fluorescent in situ hybridization (FISH) technique was

used to quantify bacteria at four time points during the

incubations. Samples (375 mL) were fixed overnight at 4 1C

with 4% (w/v) filtered paraformaldehyde (pH 7.2) in a ratio

of 1 : 3 (v/v), washed twice with filtered PBS, resuspended in

300 mL of a mixture of PBS/ethanol (1 : 1, v/v) and then

stored at � 20 1C for up to 3 months. The hybridization was

carried out as previously described (Rycroft et al., 2001a,

2001b) using genus- and group-specific 16S rRNA

gene-targeted oligonucleotide probes labelled with Cy3

(MWG Biotech, Ebersberg, Germany) or the nucleic acid

stain 40,6-diamidino-2-phenylindole for total cell counts.

The bacterial groups were selected based on their high

abundance within, and contribution to, the colonic micro-

biota. The probes (previously validated for the bacterial
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groups) were: Bif164, specific for the Bifidobacterium genus

(Langendijk et al., 1995); Bac303, specific for the Bacteroides

and Prevotella group (Manz et al., 1996); His150, for the

Clostridium histolyticum subgroup (Franks et al., 1998);

Erec482 for the Ruminococcus–Eubacterium–Clostridium

(REC) cluster (Franks et al., 1998); Lab158, for the Lactoba-

cillus–Enterococcus group (Harmsen et al., 1999); Ato291 for

the Atopobium cluster, including most Coriobacteriaceae

species (Harmsen et al., 2000); and Prop853, for clostridia

cluster IX (Walker et al., 2005).

SCFA analysis

Samples were centrifuged at 13,000 g for 20 min, and the

supernatant was passed through a 0.2-mm filter before SCFA

content analysis using a BioRad HPX-87H HPLC column

(Watford, UK), at 50 1C, with a 0.005 mM H2SO4 eluant at a

flow rate of 0.6 mL min�1 (Sanz et al., 2005a).

Results

b-Glucan characterization

Five b-glucan fractions, three derived from barley, and two

from oats, were kindly provided by Megazyme Co. The SE-

HPLC calcofluor detection method showed that each b-

glucan fraction comprised a mixture of components with

the MM distribution of the fractions overlapping (Table 1);

the calculated mean MM for the three barley b-glucan

fractions were 243, 172, and 137 kDa, and for the two oat

b-glucan fractions were 230 and 150 kDa. The physico-

chemical properties of the five b-glucan fractions are

described in Table 1.

Microbial communities response

The response of the microbiota was determined using a set

of FISH probes (Table 2). The probe set selected had cover-

age of 14–35% of the total at time 0 but this increased in all

cases and accounted for 31–69% by 24 h.

There was a significant increase in the C. histolyticum

group in response to all b-glucan fractions after 24 h (Table

2). A relationship was evident between increased C. histoly-

ticum populations and decreasing MM, whereby C. histoly-

ticum was greater on lower MM b-glucan. There was also a

nonsignificant but continued increase in C. histolyticum in

the no treatment control.

There were significant increases in the Bacteroides–Prevo-

tella group by 24 h with both the 172-kDa barley and

150-kDa oat b-glucan fractions, and the 137-kDa barley

b-glucan. However, there was no change in Bacteroides–

Prevotella following fermentation of the higher MM

fractions: 243-kDa barley and 230-kDa oat b-glucan.

Clostridia cluster IX was significantly lower with inulin

and the no treatment control by 24 h. However, at 10 and/or

24 h for all b-glucan fractions (except 137-kDa barley b-

glucan) clostridia cluster IX was significantly higher than the

no treatment control. Visual inspection also suggested that

the amount (i.e. the bio-volume) of bacteria in clostridia

cluster IX was far greater following b-glucan treatment than

with the controls. This change in bio-volume cannot be

quantified by FISH, which simply enumerates group popu-

lations rather than bio-volume.

The only significant increase in the Bifidobacterium genus

was at 24 h, resulting from inulin fermentation. b-glucan

fermentation generally had little impact on the Bifidobacter-

ium genus population. Lab158 positive cells (Lactobacillus–

Enterococcus group) increased in all cultures at 5 h. However,

their populations were not maintained past the 5/10 h

peak as numbers decreased in all treatments at 24 h, and

significantly so with inulin and both the oat b-glucan

treatments.

The Erec482 probe detected faecal bacteria in the REC

cluster (Franks et al., 1998). REC decreased in all treatments

at 5 h. However, it increased significantly in all b-glucan

treatments at 10 and/or 24 h; particularly for the 137-kDa

barley b-glucan and the 150-kDa oat b-glucan fractions

which caused increases of 73% and 53%, respectively, at 24 h

compared with 5 h.

Increases also occurred in the Atopobium cluster in response

to the b-glucan fractions; these increases were significant at 10

and/or 24 h. There was no significant change in the total cell

count in any culture, which fluctuated between 9.6 and 10.2

(log10, cells mL�1 culture fluid) in all vessels.

SCFA and lactate production

Acetate was the most prevalent SCFA in all treatments;

accounting for 4 40% of the SCFA produced with the

b-glucan treatments; 67.3% in the no treatment control, and

63.3% with inulin, at 48 h (Table 3). However, fermentation

of b-glucan resulted in higher total amounts and proportions

of propionate; ranging from 30% with 150-kDa oat b-glucan

treatment, to 37.1% with 172-kDa barley b-glucan, at 48 h. In

fact, all the vessels containing b-glucan had 4 30% propio-

nate throughout the experimental time period. The mean

SCFA ratio, for all b-glucan treatments, at 24 h, was

51 : 32 : 17, acetate : propionate : butyrate (Table 4). Butyrate

production from b-glucan fermentation was also higher, both

in terms of total amounts and proportions of total SCFA

produced, in comparison with inulin. Lactate production

peaked in all cultures after 10 or 24 h of fermentation before a

decline occurred. Lactate is rapidly converted into SCFAs by

the cross-feeding of other bacteria (Duncan, 2002; Bourriaud,

2005), which is the likely cause of its decline in concentration

by 48 h.
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Less SCFA was produced after 10 h from the fermentation

of b-glucan than from inulin. However, unlike with inulin,

fermentation of b-glucan (except for the 172-kDa barley

b-glucan fraction) was more prolonged because the total

concentrations continued to rise between 24 and 48 h,

whereas with inulin SCFA production did not rise after a

10 h peak (Table 3).

b-Glucan hydrolysates and their fermentation

Three b-glucan hydrolysate fractions were analysed by size-

exclusion-HPLC (Fig. 1) and HPLC that separated oligosac-

charide material with DP 1–9. H1 and H2 contained a large

range of material according to the size-exclusion-HPLC

analysis, with a MM below 150 kDa, with most material

below 5 kDa (relative to the dextran standard equivalents).

Nearly all of H3 was below 5 kDa according to size-exclu-

sion-HPLC analysis (Fig. 1), and of the material detected by

HPLC analysis 84% was composed of b-GO with DP 3–4, in

a ratio of c. 2.5 : 1. The remaining 16% of H3 detected by

HPLC had oligosaccharides with DP 5–9.

The three hydrolysates were fermented by human faecal

microbiota, and compared with the parent barley derived

243-kDa b-glucan, inulin, and a no treatment control. H1

Table 3. SCFA and lactic acid concentration (mM) in pH-controlled and stirred batch cultures at 0, 5, 10, 24 and 48 h using inulin and five fractions of

barley and oat-derived b-glucan substrates, compared with a no treatment control

Concentration (mM) Time

Total

SCFA SE Lactate SE Acetate SE Propionate SE Butyrate SE

No treatment 0 1.67 (0.48) 0.04 (0.03) 0.00 (0.00) 1.43 (1.27) 0.20 (0.18)

5 3.96 (0.32) 0.42 (0.22) 2.25 (0.54) 1.03 (0.26) 0.26 (0.15)

10 11.43 (0.98) 0.13 (0.10) 8.13 (2.29) 2.55 (0.50) 0.62 (0.29)

24 11.43 (2.31) 1.76 (0.38) 18.27�# (5.31) 3.00 (0.87) 2.56 (1.44)

48 20.69 (1.57) 0.00 (0.00) 13.92 (3.04) 4.15 (0.95) 2.62 (0.73)

Inulin 0 1.16 (0.23) 0.14 (0.11) 1.02 (0.58) 0.00 (0.00) 0.00 (0.00)

5 11.51 (1.31) 2.05 (0.58) 6.93 (2.68) 1.99 (0.59) 0.54 (0.30)

10 30.73� (2.51) 2.87 (1.29) 21.00� (5.72) 4.88 (1.33) 1.98 (0.80)

24 38.90�# (2.77) 0.92 (0.43) 22.83�# (5.02) 9.93� (2.61) 5.22 (1.73)

48 37.81� (2.81) 0.00 (0.00) 22.52� (5.65) 9.60 (2.34) 3.42 (1.28)

Barley 243-kDa b-glucan 0 1.80 (0.45) 0.09 (0.08) 1.03 (0.67) 0.68 (0.60) 0.00 (0.00)

5 13.66 (1.31) 2.43 (1.24) 7.21 (1.50) 3.35 (1.24) 0.67 (0.27)

10 21.42 (1.61) 3.66 (1.66) 10.35 (2.07) 5.85 (1.42) 1.56 (0.36)

24 38.82� (2.56) 3.07 (1.74) 18.51� (2.65) 11.82� (2.83) 5.42 (1.13)

48 45.19�# (2.96) 0.34 (0.30) 22.81� (3.16) 13.86�# (3.03) 8.18�#w (1.68)

Barley 172-kDa b-glucan 0 0.67 (0.17) 0.09 (0.08) 0.58 (0.42) 0.00 (0.00) 0.00 (0.00)

5 38.90 (1.24) 3.59 (1.41) 5.18 (0.76) 5.55 (1.90) 0.89 (0.33)

10 37.81� (1.69) 4.09 (2.01) 11.57 (1.91) 7.27 (1.43) 2.28 (0.75)

24 47.46�# (2.14) 1.09 (0.59) 21.30�# (3.82) 15.77�# (1.89) 9.30�#w (1.83)

48 46.98� (3.17) 0.61 (0.46) 19.25 (3.97) 17.20�# (3.14) 9.92�#w (2.12)

Barley 130-kDa b-glucan 0 0.99 (0.19) 0.00 (0.00) 0.96 (0.58) 0.03 (0.02) 0.00 (0.00)

5 11.25 (0.90) 2.60 (1.15) 5.29 (0.96) 2.86 (0.65) 0.49 (0.14)

10 23.59 (1.78) 4.86 (2.92) 10.55 (1.57) 6.20 (0.99) 1.97 (0.51)

24 36.71� (2.46) 2.62 (1.78) 18.02� (3.16) 9.55� (1.76) 6.52�# (1.71)

48 41.38� (1.87) 0.00 (0.00) 11.42 (0.91) 9.66� (2.25) 9.12�#w (2.75)

Oats 230-kDa b-glucan 0 0.30 (0.08) 0.00 (0.00) 0.19 (0.11) 0.09 (0.09) 0.03 (0.04)

5 8.53 (0.68) 1.27 (0.58) 4.47 (1.01) 2.18 (0.45) 0.62 (0.31)

10 11.43 (1.70) 3.42 (1.79) 10.43 (2.12) 5.79 (1.50) 1.22 (0.52)

24 32.78� (2.63) 0.24 (0.21) 16.74 (3.66) 9.91� (2.37) 5.90� (1.60)

48 45.62� (3.36) 0.00 (0.00) 22.39�# (5.03) 14.15�# (3.09) 9.08�#w (2.05)

Oats 150-kDa b-glucan 0 1.58 (0.25) 0.18 (0.16) 0.88 (0.31) 0.47 (0.31) 0.05 (0.08)

5 10.88 (1.02) 2.50 (1.51) 4.64 (0.72) 3.09 (0.98) 0.65 (0.20)

10 25.74 (1.76) 5.45 (2.95) 11.63 (1.98) 6.75 (1.30) 1.91 (0.51)

24 43.57� (2.72) 6.11 (2.96) 19.61 (2.08) 12.96� (1.44) 4.89 (0.70)

48 45.54�# (2.44) 0.09 (0.07) 24.64�# (4.25) 13.65� (2.11) 7.17� (1.40)

Univariate ANOVA and Tukey’s multivariate comparison tests were used to determine a significant increase in each SCFA concentrations compared with

0 h, within each treatment.
�Significant from initial value Po 0.05.
#Significant difference from 5 h value, Po 0.05.
wSignificant difference from 10 h value, Po 0.05. SE is shown in parentheses.
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and H2, when fermented, had no unique selectivity for any

group of the microbial communities, as shown in Table 5.

Total cell numbers decreased in all treatments, except for the

b-glucan treatment where there was an increase. H3 also had

no significant impact on the microbial communities, apart

from a selective increase in the Lactobacillus–Enterococcus

group; yet this was still lower than the increase in the

Lactobacillus–Enterococcus group resulting from all the other

carbohydrates tested. All hydrolysates gave significant

decreases in clostridia cluster IX. Hydrolysate 2 gave a

significantly greater increase in populations of the Atopobium

cluster, the Bifidobacterium genus and C. histolyticum groups

than hydrolysates 1 and 3. Inulin gave the greatest increases

in Bifidobacterium, with a 0.22 log increase in the population.

Discussion

The b-glucan fractions varied appreciably in MM range and

this variation correlated positively with viscosity. The link-

age ratios of the fractions broadly corresponded with the

ratios observed in b-glucans from barley and oats in a recent

study where b1-4 linkages were more prevalent than b1–3

linkages, and the ratio of b(1–4):(1–3) linkages was

c. 2.0–2.4 in oats, and 3.0 in barley (Papageorgiou et al.,

2005). This trend was confirmed in the present study (Table

1); although the dominance of b(1–4) linkages was slightly

less, with ratios of 1.5–1.6 for oats and 2.3–2.5 for barley.

There was a considerable increase in propionate concen-

trations following b-glucan fermentation, which has been

documented in previous studies (Monsma et al., 2000); a

number of bacterial groups could be implicated in this

increase. Firstly, growth of the C. histolyticum group was

stimulated by all the b-glucan fractions tested. The

C. histolyticum subgroup is a minor group within the human

microbial communities and has previously been associated

with butyrate production (Salminen et al., 1998; Zigova

et al., 1999). Yet, the significant increase in C. histolyticum

combined with the fact that some species within the

C. histolyticum group can produce propionate (such as

Clostridium homopropionicum), indicates they could be

implicated in the elevated propionate production resulting

from b-glucan fermentation. Furthermore, within this

group are Clostridium cellulovorans, Clostridium longispor-

um and Clostridium acetobutylicum, which all have genes

encoding endo-b-glucanase enzymes (Zappe et al., 1988;

Foong et al., 1991; Mittendorf & Thomson, 1993) that

enable them to degrade b-glucan polysaccharides.

Secondly, Bacteroides–Prevotella are a dominant group of

the gut microbial communities and known producers

of propionate (Macy & Probst, 1979). A significant increase

in the Bacteroides–Prevotella group from b-glucan fermenta-

tion may explain the increase in propionate production;

however, this group did not increase significantly in re-

sponse to all the b-glucan fractions tested, indicating that

groups other than Bacteroides–Prevotella were involved in

elevating propionate concentrations. Nonetheless, Bacter-

oides fragilis-type bacteria are a prevalent group in the

human gut microbial community and produce substantial

quantities of propionate from succinate and fumarate (Macy

et al., 1978). It has been proposed that Bacteroides thetaio-

taomicron, Bacteroides distasonis, and B. fragilis are probably

involved with most b-D-(1–3)-glucanase activity in the

colon, and these species have been demonstrated to effi-

ciently degrade a b1–3-linked b-D-glucose polysaccharide,

called laminarin (Salyers et al., 1977). Furthermore, the

activity of b-D-(1-3)-glucanase was suggested as either an

extracellular occurrence or it was loosely associated with

the membrane. Other species in the Bacteroides–Prevotella

group (e.g. Bacteroides ovatus) produce succinate, particu-

larly when carbon is in excess (Macfarlane & Gibson, 1991),

which was akin to the carbon concentration in the cultures

reported here. Supposing succinate was produced other

Table 4. SCFA ratio following 48 h fermentation of different treat-

ments, in stirred, pH-controlled batch cultures, at 37 1C; % refers to the

proportion of each SCFA produced with respect to total SCFA produced

(i.e. acetate 1 propionate 1 butyrate)

Treatment

SCFA ratio (%)

Acetate Propionate Butyrate

No treatment 67.3 20.0 12.6

Inulin 63.3 25.4 11.3

Barley 243-kDa b-glucan 50.9 30.9 18.2

Barley 172-kDa b-glucan 41.5 37.1 21.4

Barley 130-kDa b-glucan 43.1 33.0 23.8

Oats 230-kDa b-glucan 49.1 31.0 19.9

Oats 150-kDa b-glucan 54.2 30.0 15.8

A

24.5

512.72
mV

61.1

B C D E F G

3

2
1

Fig. 1. SE-HPLC chromatogram of the three b-glucan hydrolysates

fractions, 1 (1), 2 (2) and 3 (3), on a TSK G6000XL and two TSK G4000

PW columns. Dextran standard elution peaks: A, 670 kDa; B, 150 kDa; C,

77 kDa; D, 25 kDa; E, 11.6 kDa; F, 5 kDa; and G, 1 kDa.
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bacteria in the Bacteroides–Prevotella group were potentially

converting it into propionate.

Alternatively, higher propionate production could be

attributed to clostridia cluster IX, which maintained high

populations and bio-volume following b-glucan fermenta-

tion. This cluster is known for its propionate production

(Walker et al., 2005) and species within it (e.g. Succiniclas-

ticum ruminis and Succinispira mobilis) have been reported

to quantitatively convert succinate into propionate (van

Gylswyk, 1995; Janssen & O’Farrell, 1999). This may indi-

cate a level of cross-feeding between succinate-producing

Bacteroides spp. and succinate-to-propionate converting

clostridia cluster IX bacteria.

The amount of butyrate produced with b-glucan fermen-

tation was higher than that produced with inulin. The

C. histolyticum group, which increased significantly, com-

prises a number of butyrate-producing bacteria (Salminen

et al., 1998; Zigova et al., 1999) that may have been

responsible for the butyrate produced from the b-glucans.

There was also a steady increase in the REC cluster with

b-glucan; REC includes numerous butyrate-producing

bacteria (Barcenilla et al., 2000) that could have been

responsible for the increase in butyrate.

Unlike the selective fermentation of inulin by species

within the Bifidobacterium genus, b-glucan displayed no

apparent selectivity for species within this genus. Curdlan,

which is similar in structure to b-glucan (but comprises only

b(1–3)-D-linked glucose), was previously shown to selec-

tively increase the total bifidobacteria population, compared

with cellulose and gellan gum, in the caecum of curdlan-fed

rats (Shimizu et al., 2001). It is possible that the mixed

linkages [i.e. b(1–3) and b(1–4) linkages] present in the

b-glucan fractions were responsible for this difference in

selectivity for the Bifidobacterium genus.

Although there were initially increases in the Lactobacil-

lus–Enterococcus group their populations collectively

decreased by 24 h with b-glucan treatment. This conflicts

with previous work that displayed a ‘lactobacillogenic’ effect

of b-glucan on the gut microbial communities of rats (Snart

et al., 2006). This previous investigation demonstrated an

increase in lactobacilli rRNA, as a proportion of the total

microbial communities rRNA, when grown on high-viscos-

ity b-glucan compared with cellulose treatment in mixed

culture, and the population of Lactobacillus acidophilus was

c. 40-fold higher in a pure culture study. These conflicting

results may arise from differences in the experimental

techniques used; the work by Snart et al. (2006) used in vivo

rat caecal microbiota, and the present study was an in vitro

investigation using human microbiota.

A previous in vitro study (Monsma et al., 2000) using rat

caecal inocula to ferment (predigested) oat bran resulted

in a SCFA ratio of 69 : 19 : 12, acetate : propionate : butyrate;

this was considered a high proportion of propionate in

comparison with the SCFA profile generated by other

substrates (NB acetate is the dominant SCFA in most

fermentation studies of this nature). A further study demon-

strated that supplementing oat bran to the diet of rats had

no significant effect on the caecal SCFA profile compared

with diets supplemented with various cereal brans, inulin,

and a no-fibre control diet (Grasten et al., 2002). The

propionate-enriched ratio of 51 : 32 : 17, in the present

study, agrees with the work by Monsma et al. (2000). This

may have resulted from the high purity (4 96%) of the

b-glucan being fermented, compared with the more crude

forms of b-glucan (e.g. oat bran) previously tested. Another

study (Hughes et al., 2007) investigating the fermentation of

relatively pure arabinoxylans (4 94%) demonstrated an

average SCFA ratio of 63 : 12 : 25, which was deemed an

example of a butyrate-enriched SCFA profile.

The elevated propionate production could relate to the

hypocholesterolaemic effects associated with b-glucan con-

sumption. A murine study (Chen et al., 1984) demonstrated

an association between propionate and hypocholesterolae-

mic effects; whereby the supplementation of propionate to

Table 5. Bacterial populations (log10 cells g�1 faeces) in 10 mL batch cultures following 12 h fermentation, using inulin, b-glucan, and three b-glucan

hydrolysate fractions, produced by lichenase hydrolysis, compared with a no treatment control, and the inoculum (i.e. 0 h)

Treatment

Total cell

population Atopobium

Bacteroides-

Prevotella Bifidobacterium

Ruminococcus–

Eubacterium–

Clostridium

Clostridium

histolyticum

Lactobacillus–

Enterococcus

Clostridia

cluster IX

Inoculum 9.22 (0.06) 6.75 (0.02) 7.70 (0.05) 7.11 (0.03) 7.81 (0.05) 5.97 (0.01) 6.35 (0.03) 7.46 (0.04)

No treatment 9.14 (0.05) 6.79 (0.02) 7.72 (0.05) 7.33 (0.03)� 7.31 (0.03) 5.97 (0.01) 6.45 (0.03) 7.28 (0.04)

Inulin 9.06 (0.05) 7.23 (0.04)� 7.66 (0.05) 7.60 (0.04)� 7.97 (0.05) 5.98 (0.01) 6.90 (0.02)� 7.23 (0.04)�

Parent b-glucan# 9.43 (0.05) 7.23 (0.03)� 7.77 (0.04) 7.37 (0.03)� 8.23 (0.07)� 6.25 (0.02)� 6.64 (0.03)� 7.33 (0.04)

H1 9.20 (0.06) 7.02 (0.04)� 7.69 (0.06) 7.27 (0.03)� 8.01 (0.05) 5.99 (0.01) 6.56 (0.03)� 7.23 (0.05)�

H2 9.11 (0.05) 6.94 (0.04)� 7.98� (0.06) 7.44 (0.04)� 8.02 (0.05) 6.18 (0.03)� 6.67 (0.03)� 7.26 (0.04)�

H3 9.05 (0.05) 6.78 (0.03) 7.75 (0.05) 7.07 (0.04) 7.66 (0.05) 6.00 (0.01) 6.50 (0.03)� 7.16 (0.04)�

Univariate ANOVA and Tukey tests were used to determine significant differences for each SCFA concentration.
�Significant differences (Po 0.05) among the different carbohydrate sources for each bacterial genus. SE is given in parentheses.
#243-kDa barley b-glucan.
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rats consuming a cholesterol-rich diet caused serum and

cholesterol levels to significantly decrease in comparison

with rats fed the cholesterol diet without propionate. How-

ever, whether the microbial communities can mediate serum

cholesterol levels by increasing propionate production is

debateable. A conflicting study demonstrated that the visc-

osity of different fractions of oat bran concentrates was the

primary factor responsible for hypocholesterolaemic effects

in rats, which implied an upper GIT mechanism for influen-

cing serum cholesterol levels (Malkki et al., 1992). It was

suggested that this upper GIT effect probably occurred

because the high viscosity reduced the diffusion rates of fat

and cholesterol, which in turn reduced their absorption.

However, viscosity is a physical property of b-glucan present

in the upper GIT, which is lost on arrival in the large

intestine when presented with the milieu of bacterial-

derived carbohydrate-degrading enzymes. Therefore, Mal-

kki et al. (1992) stated that the viscous property of b-glucan

was unlikely to exert any effect in the microbial-rich

lower GIT where viscosity becomes redundant, and that

the benefits of b-glucan were probably restricted to the

upper GIT.

Fermentation of H1 and H2 showed no apparent pre-

biotic activity with regards to selectively increasing groups

of the microbial communities that are considered to be

beneficial to health, for example Bifidobacterium spp., and

Lactobacillus spp. This indicated that partial hydrolysis of

b-glucan was not sufficient to generate any prebiotic activ-

ity. Prebiotic ingredients are often oligosaccharides, for

example fructo-oligosaccharide and galacto-oligosaccharide

(Hughes & Kolida, 2007), which is consistent with our

observation that H3, containing c. 84% b-GO of DP 3–4,

exerted a selective increase in the Lactobacillus–Enterococcus

group, which has been observed before (Snart et al., 2006).

All the other group populations remained the same or

decreased and the total cell number also decreased, accent-

uating this ‘lactobacillogenic’ effect of b-GO. Inulin, the

positive prebiotic control, caused a greater increase in the

Lactobacillus–Enterococcus group in addition to an increase

in the Bifidobacterium genus and the REC cluster, which

demonstrated a greater prebiotic effect of inulin than b-GO.

Initial findings suggest that completely hydrolysing b-glucan

into b-GO, using lichenase, was an effective approach to

increasing the Lactobacillus–Enterococcus group population,

and thus increase the prebiotic activity. This warrants

further detailed investigation using more advanced in vitro

culture techniques that more accurately mimic colonic

conditions.

This study has revealed that the main group of human

faecal microbial communities involved in b-glucan fermen-

tation was the C. histolyticum group, and to a lesser extent

clostridia cluster IX and the Bacteroides–Prevotella and

Atopobium groups. A particularly high proportion of pro-

pionate production may indicate a lower GIT role for the

hypocholesterolaemic effects of b-glucan following their

fermentation by the microbiota, because propionate has

previously been shown to reduce serum cholesterol levels

(Chen et al., 1984). There was little evidence to support a

relationship between the structural and physical properties

of b-glucan and its fermentation by the microbial commu-

nities. Although b-glucan was not ‘prebiotic’ in the classical

sense of increasing bifidobacteria and lactobacilli, it signifi-

cantly modulated the microbial communities and the

resulting SCFA profile. If this modulation was proven to

reduce cholesterol levels in a human trial, without any

concurrent adverse affects arising form that modification,

b-glucan would deservedly come under the heading ‘pre-

biotic’. So further in vivo studies are required to establish

whether hypocholesterolaemic effects result from increased

serum propionate in humans and whether these are second-

ary to b-glucan fermentation by the human gut microbiota.
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Åman P, Rimsten L & Andersson R (2004) Molecular weight

distribution of b-glucan in oat-based foods. Cereal Chem 81:

356–360.

Anderson J & Gustafson N (1988) Hypocholesterolemic effects of

oat and bean products. Am J Clin Nutr 48: 749–753.

Angelov A, Gotcheva V, Kuncheva R & Hristozova T (2006)

Development of a new oat-based probiotic drink. Int J Food

Microbiol 112: 75–80.

Barcenilla A, Pryde SE, Martin JC, Duncan SH, Stewart CS,

Henderson C & Flint HJ (2000) Phylogenetic relationships of

butyrate-producing bacteria from the human gut. Appl

Environ Microbiol 66: 1654–1661.

Beaulieu KE & McBurney MI (1992) Changes in pig serum lipids,

nutrient digestibility and sterol excretion during cecal infusion

of propionate. J Nutr 122: 241–245.

Behall KM, Scholfield DJ & Hallfrisch J (1997) Effect of beta-

glucan level in oat fiber extracts on blood lipids in men and

women. J Am Coll Nutr 16: 46–51.

Berggren A, Nyman E, Margareta G, Lundquist I & Inger M

(1996) Influence of orally and rectally administered

propionate on cholesterol and glucose metabolism in obese

rats. Brit J Nutr 76: 287–294.

FEMS Microbiol Ecol 64 (2008) 482–493c� 2008 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

490 S.A. Hughes et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article-abstract/64/3/482/473920 by Periodicals Assistant - Library user on 17 January 2020



Bourdon I, Yokoyama W, Davis P, Hudson C, Backus R, Richter

D, Knuckles B & Schneeman BO (1999) Postprandial lipid,

glucose, insulin, and cholecystokinin responses in men fed

barley pasta enriched with ß-glucan. Am J Clin Nutr 69: 55–63.

Bourriaud C, Robins RJ, Martin L, Kozlowski F, Tenailleau E,

Cherbut C & Michel C (2005) Lactate is mainly fermented to

butyrate by human intestinal microfloras but inter-individual

variation is evident. J Appl Microbiol 99: 201–212.

Braaten JT, Wood PJ, Scott FW, Wolynetz MS, Lowe MK, Bradley-

White P & Collins MW (1994) Oat beta-glucan reduces blood

cholesterol concentration in hypercholesterolemic subjects.

Eur J Clin Nutr 48: 465–474.

Brown L, Rosner B, Willett WW & Sacks FM (1999) Cholesterol-

lowering effects of dietary fiber: a meta-analysis. Am J Clin

Nutr 69: 30–42.

Chen WJ, Anderson JW & Jennings D (1984) Propionate may

mediate the hypocholesterolemic effects of certain soluble

plant fibers in cholesterol-fed rats. Proc Soc Exp Biol Med 175:

215–218.

Davidson MH, Dugan LD, Burns JH, Bova J, Story K & Drennan

KB (1991) The hypocholesterolemic effects of beta-glucan in

oatmeal and oat bran. A dose-controlled study. JAMA 265:

1833–1839.

de Wiele TV, Boon N, Possemiers S, Jacobs H & Verstraete W

(2004) Prebiotic effects of chicory inulin in the simulator of

the human intestinal microbial ecosystem. FEMS Microbiol

Ecol 51: 143–153.

Delaney B, Carlson T, Frazer S et al. (2003) Evaluation of the

toxicity of concentrated barley beta-glucan in a 28-day feeding

study in Wistar rats. Food Chem Toxicol 41: 477–487.

Duncan SH, Hold GL, Barcenilla A, Stewart CS & Flint HJ (2002)

Roseburia intestinalis sp. nov. a novel saccharolytic, butyrate-

production bacterium from human faeces. Int J Syst Evol

Microbiol 52: 1615–1620.

Foong F, Hamamoto T, Shoseyov O & Doi RH (1991) Nucleotide

sequence and characteristics of endoglucanase gene engB from

Clostridium cellulovorans. J General Microbiol 137: 1729–1736.

Frank J, Sundberg B, Kamal-Eldin A, Vessby B & Aman P (2004)

Yeast-leavened oat breads with high or low molecular weight

b-glucan go not differ in their effects on blood concentrations

of lipids, insulin, or glucose in humans. J Nutr 134: 1384–1388.

Franks A, Harmsen HJ M, Raangs G, Jansen G, Schut F & Welling

G (1998) Variations of bacterial populations in human feces

measured by fluorescent in situ hybridization with group-

specific 16S rRNA-targeted oligonucleotide probes. Appl

Environ Microbiol 64: 3336–3345.

Gibson G (1999) Dietary modulation of the human gut

microflora using the prebiotics oligofructose and inulin.

J Nutr 129: 1438S–1441S.

Gibson G, Probert H, van Loo J, Rastall R & Roberfroid M (2004)

Dietary modulation of the human colonic microbiota:

updating the concept of prebiotics. Nutr Res Rev 17: 259–275.

Grasten SM, Pajari A-M, Liukkonen K-H, Karppinen S &

Mykkanen HM (2002) Fibers with different solubility

characteristics alter similarly the metabolic activity of

intestinal microbiota in rats fed cereal brans and inulin. Nutr

Res 22: 1435–1444.

Han K-H, Sekikawa M, Shimada K-I, Sasaki K, Ohba K &

Fukushima M (2004) Resistant starch fraction prepared

from Kintoki bean affects gene expression of genes associated

with cholesterol metabolism in rats. Exp Biol Med 229:

787–792.

Hara H, Haga S, Aoyama Y & Kiriyama S (1999) Short-chain fatty

acids suppress cholesterol synthesis in rat liver and intestine.

J Nutr 129: 942–948.

Harmsen H, Elferrich P, Schut F & Welling G (1999) A 16S rRNA-

targeted probe for detection of lactobacilli and enterococci in

faecal samples by fluorescent in situ hybridization. Microb Ecol

Health Dis 11: 3–12.

Harmsen H, Wildeboer-Veloo A, Grijpstra J, Knol J, Degener J &

Welling G (2000) Development of 16S rRNA-based probes for

the Coriobacterium group and the Atopobium cluster and

their application for enumeration of Coriobacteriaceae in

human feces from volunteers of different age groups.

Appl Environ Microbiol 66: 4523–4527.

Hecker K, Meier M, Newman R & Newman C (1998) Barley

b-glucan is effective as a hypocholesterolaemic ingredient in

foods. J Sci Food Agric 77: 179–183.

Horton JD, Cuthbert JA & Spady DK (1994) Regulation of

hepatic 7 alpha-hydroxylase expression by dietary psyllium in

the hamster. J Clin Invest 93: 2084–2092.

Hughes S & Kolida S (2007) Prebiotics: chemical and physical

properties affecting their fermentation. Agro Food Industry Hi

Tech 18: 11–13.

Hughes S, Shewry P, Li L, Gibson G, Sanz M & Rastall R (2007)

In vitro fermentation by human fecal microflora of wheat

arabinoxylans. J Agric Food Chem 55: 4589–4595.

Janssen PH & O’Farrell KA (1999) Succinispira mobilis gen. nov.,

sp. nov., a succinate-decarboxylating anaerobic bacterium. Int

J Syst Bacteriol 49: 1009–1013.

Jørgensen K & Aastrup S (1988) Determination of b-glucan in

Barley, Malt, Wort and Beer, 7th edn. Springer-Verlag, Berlin.

Juntunen KS, Niskanen LK, Liukkonen KH, Poutanen KS, Holst

JJ & Mykkanen HM (2002) Postprandial glucose, insulin, and

incretin responses to grain products in healthy subjects. Am J

Clin Nutr 75: 254–262.

Kalra S & Jood S (2000) Effect of dietary barley b-glucan on

cholesterol and lipoprotein fractions in rat. J Cereal Sci 31:

141–145.

Kerckhoffs D, Brouns F, Hornstra G & Mensink R (2002) Effects

on the human serum lipoprotein profile of b-glucan, soy

protein and isoflavones, plant sterols and stanols, garlic and

tocotrienols. J Nutr 132: 2494–2505.

Kishimoto Y, Wakabayashi S & Takeda H (1995) Effects of

intravenous injection and intraperitoneal continual

administration of sodium propionate on serum cholesterol

levels in rats. J Nutr Sci Vitaminol 41: 73–81.

Langendijk P, Schut F, Jansen G, Raangs G, Kamphuis G,

Wilkinson M & Welling G (1995) Quantitative fluorescence

in situ hybridization of Bifidobacterium spp. with genus-

FEMS Microbiol Ecol 64 (2008) 482–493 c� 2008 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

491In vitro fermentation of cereal b-glucans

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article-abstract/64/3/482/473920 by Periodicals Assistant - Library user on 17 January 2020



specific 16S rRNA-targeted probes and its application in fecal

samples. Appl Environ Microbiol 61: 3069–3075.

Leadbetter J, Ball MJ & Mann JI (1991) Effects of increasing

quantities of oat bran in hypercholesterolemic people. Am J

Clin Nutr 54: 841–845.

Lovegrove JA, Clohessy A, Milon H & Williams CM (2000)

Modest doses of b-glucan do not reduce concentrations of

potentially atherogenic lipoproteins. Am J Clin Nutr 72: 49–55.

MacFarlane GT & Gibson GR (1991) Co-utilization of

polymerized carbon sources by Bacteroides ovatus grown in a

two-stage continuous culture system. Appl Environ Microbiol

57: 1–6.

Macy J, Ljungdahl L & Gottschalk G (1978) Pathway of succinate

and propionate formation in Bacteroides fragilis. J Bacteriol

134: 84–91.

Macy JM & Probst I (1979) The biology of gastrointestinal

Bacteroides. Ann Rev Microbiol 33: 561–594.

Malkki Y, Autio K, Hanninen O, Myllymaki O, Pelkonen K,

Suortti T & Torronen R (1992) Oat bran concentrates: physical

properties of b-glucan and hypocholesterolemic effects in rats.

Cereal Chem 69: 647–653.

Manz W, Amann R, Ludwig W, Vancanneyt M & Schleifer K

(1996) Application of a suite of 16S rRNA-specific

oligonucleotide probes designed to investigate bacteria of the

phylum cytophaga-flavobacter-bacteroides in the natural

environment. Microbiology 142: 1097–1106.

Marlett JA, Hosig KB, Vollendorf NW, Shinnick FL, Haack VS &

Story JA (1994) Mechanism of serum cholesterol reduction by

oat bran. Hepatology 20: 1450–1457.

Mittendorf V & Thomson JA (1993) Cloning of an endo-(1-4)-b-

glucanase gene, celA, from the rumen bacterium Clostridium

sp. (’C. longisporum’) and characterization of its product,

CelA, in Escherichia coli. J Gen Microbiol 139: 3233–3242.

Monsma DJ, Thorsen PT, Vollendorf NW, Crenshaw TD &

Marlett JA (2000) In vitro fermentation of swine ileal digesta

containing oat bran dietary fiber by rat cecal inocula adapted

to the test fiber increases propionate production but

fermentation of wheat bran ileal digesta does not produce

more butyrate. J Nutr 130: 585–593.

Mountzouris K, Gilmour S, Grandison A & Rastall R (1999)

Modeling of oligodextran production in an ultrafiltration

stirred cell membrane reactor. Enzyme Microb Technol 24:

75–85.

Naumann E, van Rees AB, Onning G, Oste R, Wydra M &

Mensink RP (2006) b-Glucan incorporated into a fruit drink

effectively lowers serum LDL-cholesterol concentrations. Am J

Clin Nutr 83: 601–605.

Nishina PM & Freedland RA (1990) Effects of propionate on lipid

biosynthesis in isolated rat hepatocytes. J Nutr 120: 668–673.

Olano-Martin E, Gibson G & Rastall R (2002) Comparison of the

in vitro bifidogenic properties of pectins and pectic-

oligosaccharides. J Appl Microbiol 93: 505.

Olano-Martin E, Mountzouris K, Gibson G & Rastall R (2000)

In vitro fermentability of dextran, oligodextran and

maltodextrin by human gut bacteria. Brit J Nutr 83: 247–255.

Papageorgiou M, Lakhdara N, Lazaridou A, Biliaderis C &

Izydoczyk M (2005) Water extractable (1-3,1-4 )-b-D-glucans

from barley and oats: an intervarietal study on their structural

features and rheological behaviour. J Cereal Sci 42: 213–224.

Rimsten L, Stenberg T, Andersson R, Andersson A & Åman P
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