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Abstract

The effects of a high level of dietary fibre (DF) either as arabinoxylan (AX) or resistant starch (RS) on digestion processes, SCFA

concentration and pool size in various intestinal segments and on the microbial composition in the faeces were studied in a model

experiment with pigs. A total of thirty female pigs (body weight 63·1 (SEM 4·4) kg) were fed a low-DF, high-fat Western-style control

diet (WSD), an AX-rich diet (AXD) or a RS-rich diet (RSD) for 3 weeks. Diet significantly affected the digestibility of DM, protein, fat,

NSP and NSP components, and the arabinose:xylose ratio, as well as the disappearance of NSP and AX in the large intestine. RS was

mainly digested in the caecum. AX was digested at a slower rate than RS. The digesta from AXD-fed pigs passed from the ileum to the

distal colon more than twice as fast as those from WSD-fed pigs, with those from RSD-fed pigs being intermediate (P,0·001). AXD feeding

resulted in a higher number of Faecalibacterium prausnitzii, Roseburia intestinalis, Blautia coccoides–Eubacterium rectale, Bifidobacter-

ium spp. and Lactobacillus spp. in the faeces sampled at week 3 of the experimental period (P,0·05). In the caecum, proximal and mid

colon, AXD feeding resulted in a 3- to 5-fold higher pool size of butyrate compared with WSD feeding, with the RSD being intermediate

(P , 0·001). In conclusion, the RSD and AXD differently affected digestion processes compared with the WSD, and the AXD most

efficiently shifted the microbial composition towards butyrogenic species in the faeces and increased the large-intestinal butyrate pool size.
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A dietary pattern characterised by a high intake of fat, proteins

from meat, refined carbohydrates and a low intake of non-

digestible carbohydrates (dietary fibre, DF), as is typical for

many people in affluent societies, is regarded as a significant

risk factor for the development of colorectal cancers(1) and

for the onset and relapse of inflammatory bowel disease(2).

The low content of DF in a Western-style diet (WSD) is a

limiting factor for maintaining a viable and diverse microbial

community and for the production of small organic molecules

such as SCFA, primarily acetate, propionate and butyrate(3).

Especially, butyrate has been suggested to be a main modu-

lator of colonic health and function(4), and SCFA has been

mostly associated with protection against chemically and

dietary-induced colorectal carcinogenic pre-stages in rats(5,6).

Apart from being the preferred energy source for colonic

epithelial cells and the major regulator of cell proliferation

and differentiation(3), butyrate has been shown to exert

important actions related to cellular homeostasis, such as

anti-inflammatory(7), antioxidant(8) and anti-carcinogenic(9)

functions. Many of these effects have been related to its

action as a histone deacetylase inhibitor(10,11).

Identification of DF types that can increase the production

of colonic butyrate is therefore of great interest. Resistant

starch (RS), which is included in the definition of DF(12),

covers a diverse range of starches that are not enzymatically

degraded in the small intestine of human subjects, but,
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instead, fermented in the large intestine, favouring butyrate

production(13). Recently, a diet high in RS has been shown

to modulate microbial composition and increase colonic buty-

rate concentration in the proximal part of the colon in pigs(14).

As most micro-organisms prefer to ferment carbohydrate over

protein, saccharolytic fermentation occurs predominantly in

the proximal colon. Proteolytic fermentation, resulting in the

production of potentially harmful metabolites such as NH3,

S-containing compounds, indoles and phenols, takes place

in the more distal colon where the amount of fermentable

carbohydrates is diminished(15), and this coincides with the

fact that many colonic diseases appear in the distal colon(16).

A more distal fermentation of dietary carbohydrates is there-

fore desirable(17), and the challenge is to have a non-digestible

carbohydrate substrate delivered to the distal colon for

increased microbial fermentation and butyrate production.

Arabinoxylans (AX) are another interesting type of DF in this

respect. Their structure consists of a backbone of xylose

units substituted with arabinose monomers(18). These may

further be linked to other compounds such as glucuronic

acid and ferulic acid, leading to covalent ester bonding

between the carboxyl groups of uronic acids and the hydroxyl

groups of AX, as well as the formation of diferulic acid bridges

between the adjacent AX chains(18); altogether, fermentation

requires a broad spectrum of enzymes and thereby AX

are potential candidates to be a slowly fermentable fibre

source(19) and a substrate for butyrate production in the

distal colon.

It is hypothesised that both RS and AX stimulate butyrate

production in the large intestine. In the present study, we

investigated the effects of diets enriched in DF as mainly RS

or AX compared with a Western-style type of diet high in

fat, refined carbohydrates and low in DF on nutrient digesti-

bility, concentration and pool size of fermentation products

in various segments of the intestinal tract and faecal microbial

composition in pigs as a model for humans. Pigs are shown

to be a suitable model for human metabolism in food

research(20), and the anatomy and physiology of the gastro-

intestinal tract in pigs are regarded as comparable to humans(21).

Materials and methods

Experimental diets

The three dietary treatments were a WSD, an AX diet (AXD) or

a RS diet (RSD). The WSD was designed to mimic the diet of

many people in affluent societies characterised by being high

in sugar, refined grains and saturated fat and low in DF (6 %).

The AXD and RSD were formulated to contain high DF (17 %)

mainly in the form of AX derived from enzyme-treated wheat

bran and rye flakes or type 2 RS from high-amylose maize

(HAM-RS2; HI-MAIZE260w, Ingredion Incorporated) and raw

potato starch. Before its incorporation into the AXD, wheat

bran was treated with xylanases and cellulases to increase

the content of AX oligosaccharides (AXOS). AXOS have

been shown to have a stimulating effect on intestinal butyrate

production in human subjects compared with wheat bran

without in situ-produced AXOS(22). Rye flakes were chosen

as the main AX supplier because rye is an important cereal

in a typical Danish diet, and earlier studies with rye-based

diets (whole-grain rye plus rye bran) have shown high buty-

rate production(23). The sources of RS were chosen to

ensure comparability to RS ingredients applied in a human

dietary intervention study within this project frame. HAM-RS2

was the main RS source in human diets since it is resistant to

cooking and can be incorporated into many foods. RS from

raw potato starch is not resistant to cooking and was therefore

included in a minor proportion. Overall, the AX and RS ingre-

dients were chosen to simulate the complexity of human diets.

The three diets were designed to provide the same amount

of energy from fat (30 %) and protein (17 %), while the pro-

portion of energy originating from DF was 3·5 % in the WSD

and 9 % in the RSD and AXD (see Tables 1 and 2 for dietary

ingredients and chemical composition, respectively).

The enzyme-treated wheat bran was produced by DuPont

Industrial Biosciences, Danisco A/S as follows: commercial

wheat bran obtained from Lantmännen Cerealia was sus-

pended in water (bran:water ratio 20:80, w/w) in a closed

container with a stirring device. DuPont Grindamyl Power-

Bake 950 (500 parts per million) and DuPont GC220 (5000

parts per million) were added to the suspension, and the tem-

perature was increased to 508C and stirring was applied. When

the temperature reached 508C, incubation was continued

for 3 h. After 3 h, the temperature was increased to 958C and

maintained at 958C for 10 min to inactivate enzyme activity.

Wheat bran was cooled to ambient temperature and dried

using a pilot spray dryer and packed in paper bags. The con-

centration of oligosaccharides in the enzyme-treated wheat

bran was 54 g/kg DM. Commercially available rye flakes was

purchased from Lantmännen Cerealia and potato starch from

KMC and HAM-RS2 from Ingredion Incorporated. Cr2O3

(0·3 %) was included in all diets to calculate the apparent

Table 1. Ingredients of the Western-style diet (WSD), the resistant
starch diet (RSD) and the arabinoxylan diet (AXD)

Diet

WSD RSD AXD

Ingredients (g/kg, as-fed basis)
Standard white wheat flour 568 455 –
Rye flakes – – 655
Enzyme-treated wheat bran – – 80
Raw potato starch – 56 –
HI-MAIZE260w* – 168 –
Lard 96 89 80
Soyabean oil 32 30 27
Sugar 100 – –
Lacprodan 87 (83 % whey protein)† 131 129 85
Vitacel WF600 (73 % cellulose)‡ 40 40 40
Vitamin–mineral mixture§ 30 30 30
Chromic oxide 3 3 3

* Ingredion Incorporated.
† Arla Foods Ingredients Amba, Viby J.
‡ J. Rettenmaier and Söhne GmbH.
§ Supplied per kg diet: 18·9 mg retinol (vitamin A); 0·15 mg cholecalciferol

(vitamin D3); 1038 mg a-tocopherol (vitamin E); 31·5 mg vitamin K; 31·5 mg
vitamin B1; 31·5 mg vitamin B2; 157·5 mg D-pantothenic acid (vitamin B5); 315 mg
niacin (vitamin B3); 0·79 mg biotin (vitamin B7); 0·315 mg vitamin B12; 47·3 mg
vitamin B6; 1260 mg Fe; 225 mg copper sulphate; 630 mg Mn (VA Vit SL/US
Anti; Vilomix).
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digestibility of DM, nutrients and NSP components. The AXD

containing whole-rye flakes was ground through a hammer

mill fitted with a 3·5 mm screen. The analysis of the particle

size (Retsch AS 200 Control; Retsch GmbH) for each diet is

shown in Table 2. All the three diets qualified as finely

ground(24), and small differences in particle size distribution

were not considered as a factor that affected the apparent

digestibility of nutrients and NSP components and the mean

transit time (MTT) of the digesta. Samples of the experimental

diets were collected after production at Aarhus University’s

own feed production unit and stored at 2208C until analysis.

Animals and feeding

The care and housing of animals used in the present study

were in compliance with Danish laws and regulations for

the humane care and use of animals in research (The

Danish Ministry of Justice, Animal Testing Act, Consolidation

Act no. 1306 of 23 November 2007), and performed under

the licence obtained from the Danish Animal Experimentation

Inspectorate, Ministry of Food, Agriculture and Fisheries.

The health of the animals was monitored, and no serious

illness was observed.

A total of thirty female pigs (body weight 63·1 (SEM 4·4) kg)

recruited from the swine herd at the Department of Animal

Science, Aarhus University, Foulum, were fed one of three

diets (WSD, AXD or RSD) for an experimental period of

3 weeks. The experiment was conducted in two blocks with

five animals per treatment in each block. Pigs were housed

individually in pens (1·5 £ 2·4 m) without manipulative

material (straw), with access to water ad libitum and allowed

to adapt to the pen for 5 d before the experimental period.

Daily feed allowance for the pigs treated with the RSD and

AXD was 2·7 % of average body weight (75 kg), whereas those

treated with the WSD were fed 2·44 % of body weight to

ensure similar daily amounts of net energy among the three

dietary treatments. Pigs were fed manually three times daily

at 10.00, 15.00 and 20.00 hours (33·3 % of total ration at

each meal) to mimic the human meal pattern. Very few feed

leftovers were observed; however, any feed leftovers were

registered before the morning feeding and weighed to cal-

culate feed intake. The amount of feed supplied to pigs

1·5 h before slaughter was adjusted slightly to provide equal

amounts (300 g) of digestible carbohydrates regardless of

diet, in order to obtain as much consistency as possible with

the study design developed by Ingerslev et al.(25) using

the same diets as described here, in a catheterised pig

model. A fresh faecal sample was obtained 3 d before slaugh-

ter and stored at 2208C until analysis. Body weight was

recorded weekly.

Slaughter and sample collection

Pigs were stunned using a captive bolt pistol and subsequently

bled from the jugular vein. The abdominal cavity was opened

and the gastrointestinal tract was ligated at the oesophagus

and rectum and removed from the carcass. The length of the

small intestine was measured and divided into three parts

of equal lengths. The content of the distal third (Si3) was

collected for analysis, and the entire empty small intestine

was weighed. Caecal (Cae) digesta was weighed, and the

large intestine (colon) was isolated and the length determined.

The positions at 25, 50 and 75 % of the length of the colon

(descending) were termed Co1, Co2 and Co3, respectively.

Digesta from the colon segments were weighed and the

entire empty colon was weighed. pH was measured in the

Si3, Cae, Co1, Co2 and Co3 digesta, and samples of the digesta

from these intestinal segments were stored at 2208C until

further analysis.

Analytical methods

All chemical analyses on diets were performed in duplicate on

freeze-dried material. DM content was determined by drying

the samples at 1038C to constant weight, and ash was analysed

according to the AOAC method (923.03; AOAC)(26). N was

measured by Dumas(27) and protein calculated as N £ 6·25.

Gross energy was analysed on a 6300 Automatic Isoperibol

Table 2. Chemical composition and particle size distribution of
the Western-style diet (WSD), the resistant starch diet (RSD) and the
arabinoxylan diet (AXD)

Diet

WSD RSD AXD

Chemical composition (g/kg DM)
DM (g/kg, as-fed basis) 915 903 891
Protein (N £ 6·25) 207 191 154
Fat 152 150 135
Ash 37 34 51

Digestible carbohydrates
Available sugars 113 3 22

Fructose 0·1 0 1·8
Glucose 0·1 0 3·1
Sucrose 112 3·1 17·5

Starch 422 470 420
Non-digestible carbohydrates

Total NSP (soluble NSP) 58 (11) 55 (8) 144 (33)
Cellulose 29 34 37
b-Glucan (soluble b-glucan) 1 (,1) 1 (,1) 16 (3)
AX (soluble AX) 18 (6) 15 (4) 72 (22)

RSenz* 6 113† 8
RSDMSO‡ 1 64 5

Fructans 0 3 22
AXOS 2 2 7

Arabinose:xylose 0·36 0·33 0·55
Klason lignin 6 13 15
Total non-digestible CHO§ 64 173 181
Total dietary fibrek 72 186 196
Gross energy (MJ/kg DM) 19·7 20·3 19·3
Particle size distribution (%){

.2 mm 1·5 1·0 0·0

.1 mm 5·1 6·8 13·1
,1 mm 93·8 92·2 86·5

AX, arabinoxylan; RS, resistant starch; DMSO, dimethyl sulphoxide; AXOS,
arabinoxylan oligosaccharides; CHO, carbohydrate.

* RS was determined by the Megazyme assay (Megazyme International).
† 76 % of the total RS originated from type 2 resistant starch from high-amylose

maize and 24 % from raw potato starch calculated using data on RS content
from the suppliers of the ingredients.

‡ Determined using the NSP procedure with the addition of DMSO to disperse RS.
§ Calculated as: total NSP þ fructans þ RS.
kCalculated as: total NSP þ fructans þ RS þ lignin þ AXOS.
{50 g of sample size for each diet.

Dietary fibre and intestinal butyrate 1839
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Calorimeter System (Parr Instruments). Fat was determined

using the Stoldt procedure(28). Dietary contents of sugars

(glucose, fructose and sucrose) and fructans were analysed

as described by Larsson & Bengtsson(29). Starch and NSP

were analysed essentially as described by Bach Knudsen(30)

except that acid hydrolysis was performed in 2 M-H2SO4

for 1 h instead of 1 M-H2SO4 for 2 h. AX was calculated as

the sum of the arabinose and xylose residues of the NSP

procedure mentioned above. AXOS were calculated from ara-

binose and xylose residues not precipitating in 80 % ethanol

when analysing the samples by direct acid hydrolysis of the

NSP fraction without prior starch removal and alcohol precipi-

tation and subtracting the values for AX after starch removal

and alcohol precipitation(31). When the RSD and the individual

RSD ingredients were analysed for NSP by the enzymatic–

chemical method(30), it was found that part of the RS in

the RSD and in the HAM-RS2 ingredient was not degraded.

Therefore, NSP in the RSD and in the digesta of pigs fed the

RSD was subsequently analysed with the addition of dimethyl

sulphoxide (DMSO) to disperse RS(32). The RS estimated with

this method is designated as RSDMSO. All the three diets and

digesta from RSD-fed pigs were analysed for total RS content

with a commercially available kit (Megazyme International

Ireland), designated as RSenz. Klason lignin was measured as

the sulphuric acid-insoluble residue as described by Theander

& Åman(33). b-Glucan was analysed by the enzymatic–colori-

metric method of McCleary & Glennie-Holmes(34). Chromic

oxide was determined colorimetrically using a Lambda 900

spectrophotometer (Perkin-Elmer GmbH), after oxidation to

chromate with sodium peroxide following the procedure of

Schürch et al.(35).

Digesta and faecal samples were analysed for the content of

SCFA by GC (HP-6890 Series Gas Chromatograph; Hewlett

Packard) using an HP-5 column (30 m £ 0·32 mm £ 0·25mm)

with 5 % phenylpolysiloxane and 95 % demethylpolysiloxane

and a flame ionisation detector, after subjecting the samples

to an acid–base treatment followed by diethyl ether extraction

and derivatisation, as described by Jensen et al.(36).

Faecal microbial composition

DNA from each sample was extracted and purified with a

commercial kit (MagMAXe Total Nucleic Acid Isolation Kit;

Applied Biosystems), and DNA concentration was determined

by a Nanodrop ND-1000 Full-Spectrum UV/Vis Spectropho-

tometer (NanoDrop Technologies). Quantitative PCR assays

were performed in a total volume of 25ml containing 1£

Power SYBR Green Master Mix (Applied Biosystems), 200 nM

of each primer for Lactobacillus spp.(37), 250 nM of each

primer for Faecalibacterium prausnitzii (38), and 300 nM of

each primer for Roseburia spp.(39) and the Blautia coccoides–

Eubacterium rectale group(38). The 25ml PCR mix for the

Bifidobacterium spp.(39) assay contained 1 £ TaqMan Master

Mix (Applied Biosystems), 300 nM of forward and reverse

primers and 200 nM of the minor groove binding probe (with

a non-fluorescent black hole quencher). All quantitative

PCR contained 1 ng of template DNA. The amplification and

detection of DNA were performed with the ABI-PRISM 7500

sequencing detection system (Applied Biosystems). For stan-

dard curves, 10-fold dilution series ranging between 10 pg and

1 ng were included in the quantitative PCR assays from the

following target species: Bifidobacterium adolescentis DSM

20083; Ruminococcus productus DSM 2950; F. prausnitzii

ATCC 27768; Lactobacillus acidophilus ATCC 700396; Roseburia

intestinalis DSM 14610. For the determination of DNA, triplicate

samples were used and the mean quantity was expressed

as log10 genomes per g of sample (wet weight), taking into

account the size and the 16S ribosomal DNA copy number of

the standard species genome.

Calculations

The apparent digestibility coefficients of nutrients and NSP

sugars in the digesta from intestinal segments were calculated

relative to Cr2O3 concentration, according to the following

equation:

Digestibility of X ¼ 1 2
Cr2O3ðDietÞ £ X ðDigÞ

Cr2O3ðDigÞ £ X ðDietÞ
;

where X(Diet) and X(Dig) are the concentrations of the com-

ponent determined in the diet and digesta, respectively, and

Cr2O3(Diet) and Cr2O3(Dig) are the concentrations of chromic

oxide in the diet and digesta, respectively.

MTT in the large-intestinal segments was calculated as

follows:

MTT ¼
Cr2O3ðGIÞ £ 24

Cr2O3ðdayÞ
;

where Cr2O3(GI) is the concentration of Cr2O3 in the digesta

and Cr2O3(day) is the daily intake of Cr2O3.

The pool size of SCFA in the digesta was determined by

calculating the daily amount of wet undigested DM passing

through the intestinal segment multiplied by the concentration

of SCFA in the wet luminal content of the segment. The large-

intestinal N pool size was determined by calculating the daily

amount of undigested DM passing through the intestinal

segment multiplied by the N content of DM in the segment.

Statistical analysis

In the present study, two types of analysis on data were

carried out. The first type of analysis was accomplished using

the MIXED procedure of SAS (SAS Institute, Inc.) followed by

adjustment for multiple comparisons by the Tukey–Kramer

post hoc test. The effects of diet on the intestinal segment

apparent digestibility of DM, macronutrients, NSP components

and on the pool of fermentation metabolites in the digesta

were analysed using the following normal mixed model:

X ðijklÞ ¼ mþ aðiÞ þ bð jÞ þ gðkÞ þ agðikÞ þ nðlÞ þ 1ðijklÞ;

were a(i) is the diet (i ¼ WSD, RSD or AXD); b( j) is the

random effect of block ( j ¼ 1 or 2); g(k) is the intestinal seg-

ment (k ¼ Si3, Cae, Co1, Co2 or Co3); ag(ik) is the interaction

between diet and intestinal segment; n(l) is the random

component related to the pig (l ¼ 1, 2,. . ., 30). Pig was

T. S. Nielsen et al.1840
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included as a random component to account for repeated

measurements within pigs. The covariance structure for

repeated measures across the gut segments was modelled

using variance components and the residual error component

is defined as 1(ijkl). Levels of significance was reported as

being significant when P , 0·05. The random effects and

residuals were assumed to be normally distributed and inde-

pendent, and their expectations were assumed to be zero.

The second type of analysis compared the effects of dietary

treatments on pig weight gain, intake of nutrients, intestinal

tract characteristics at slaughter (length and weight of intesti-

nal segments, digesta pH) and microbial composition in the

faeces. This model was accomplished by a simple ANOVA-

based on the model:

X ðijÞ ¼ mþ aðiÞ þ bðjÞ þ abðijÞ þ 1ðijÞ;

where a(i) is the diet (i ¼ WSD, RSD or AXD); b( j) is the

random effect of the block ( j ¼ 1 or 2); ab(ij) is the interaction

between diet and block, and 1(ij) denotes the residual error

under the same assumptions as in the first statistical model.

Principal component analysis (PCA) with evenly spread

7-fold partial cross-validation after mean centring and unit

variance scaling was performed using Evince 2.5.5 software

(UmBio AB) to detect distributions and separations among

the dietary treatments.

Results

Diets, intake of nutrients and intestinal segments
at slaughter

The three diets were formulated to provide equal amounts of

fat, protein and energy, of which the RSD and AXD provided

equal amounts but different types of DF. This was successfully

accomplished except for protein (Table 2). The protein con-

tent of the AXD was 40–50 g/kg DM lower than the RSD

and WSD, which was due to a higher than expected protein

content of wheat flour incorporated into the RSD and WSD

compared with our database value. The content of total DF

was increased 2·7-fold from the WSD to the RSD and AXD.

The RSD had a higher RS content .100 g/kg DM compared

with the WSD and AXD. The AXD had a higher AX content

.50 g/kg DM compared with the WSD and RSD. The RSenz

content in the WSD and AXD was negligible; however,

it amounted to 113 g/kg DM in the RSD. The RSDMSO content

in the RSD was 64 g/kg DM, thereby constituting 56 % of the

RSenz. The arabinose:xylose ratio, which is a simple indicator

of AX structure, was similar in both the WSD (0·36) and RSD

(0·33), but approximately 67 % higher in the AXD. AXOS

constituted 2 g/kg DM in the WSD and RSD and 7 g/kg DM

in the AXD.

Due to a slightly higher daily feed allowance, the RSD- and

AXD-fed pigs consumed approximately 100 g/d more DM than

the WSD-fed pigs (Table 3), whereas the WSD- and RSD-fed

pigs consumed 69–75 g/d more (P,0·001) protein than

AXD-fed pigs due to the higher content of protein in their

diets. The RSD- and AXD-fed pigs consumed 2·8-fold more

(P,0·001) DF compared with the WSD-fed pigs. The average

daily gain was approximately 100 g higher (P,0·05) for the

AXD-fed pigs than for the WSD- and RSD-fed pigs. The high

fibre level in the RSD and AXD increased the weight of

the entire colon by 18–26 % (P,0·001) and the weight of

the colonic digesta by 54–64 % (P,0·01) compared with the

WSD (Table 3). The weight of the caecum was unaffected

by the diet, but the weight of the caecal digesta was signifi-

cantly increased by the AXD compared with the WSD. RSD

feeding resulted in a lower (P¼0·02) luminal pH than the

WSD in the caecum; however, in the Co1, feeding of both

the fibre diets resulted in a significantly lower luminal pH

than the WSD. In the Co2, this pH-lowering effect was only

significant for the AXD. No effect of diet on luminal pH was

observed in the distal colon.

Nutrient apparent digestibility, disappearance
and transit time

Table 4 shows the apparent digestibility (termed digestibility)

of DM, nutrients and selected NSP components and the

arabinose:xylose ratio in large-intestinal segments. DM was

digested to a higher (P,0·001) degree in all intestinal seg-

ments of WSD-fed pigs than in those of RSD- and AXD-fed

pigs, with the feeding of the AXD resulting in the lowest

digestibility of DM in all segments. The digestibility of protein

was 14–21 % lower (P,0·001) in AXD-fed pigs throughout the

large intestine than in WSD-fed pigs, whereas the RSD-fed pigs

showed intermediate protein digestibility. Consequently, 20 v.

6 % of ingested protein was still undigested in the distal colon

of AXD- and WSD-fed pigs, respectively. Fat was digested less

Table 3. Intake of nutrients and energy, weight gain, weight of the
intestinal segments and digesta and pH in the digesta at slaughter for
pigs fed the Western-style diet (WSD), the resistant starch diet (RSD)
or the arabinoxylan diet (AXD) for 3 weeks

(Least-squares mean values with their standard errors, n 10 per group)

Diet

WSD RSD AXD SEM P

Intake (g/d)
DM 1705b 1818a 1808a 4·0 ,0·001
Protein 353a 347a 278b 0·8 ,0·001
Fat 259b 273a 244c 0·6 ,0·001
CHO 1011b 1058a 1060a 2·4 ,0·001
Total dietary fibre 119c 349a 342b 0·8 ,0·001
Gross energy (MJ/d) 33·6c 36·9a 34·9b 0·1 ,0·001

Weight gain (g/d) 616b 606b 720a 33·5 0·045
Weight (g)

Cae 121 140 135 6·0 0·10
Entire colon 944a 1193b 1118b 29 ,0·001

Weight digesta (g)
Cae 146a 229a,b 286b 36 0·03
Entire colon 1090b 1687a 1790a 106 ,0·01

pH digesta
Cae 6·82a 6·31b 6·54a,b 0·14 0·02
Co1 6·57a 6·13b 6·13b 0·13 0·01
Co2 6·48a 6·37a,b 6·14b 0·09 0·04
Co3 6·44 6·19 6·34 0·24 0·25

CHO, carbohydrate; Cae, caecum; Co1, proximal one-third of the colon; Co2,
mid one-third of the colon; Co3, distal one-third of the colon.

a,b,c Mean values within a row with unlike superscript letters were significantly
different (P , 0·05).
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efficiently (P,0·001) in all gut segments of AXD-fed pigs

than in those of WSD- and RSD-fed pigs, while no differences

were observed between the WSD and RSD in any of the

segments. The digestibility of starch was not affected by the

diet. Only 8 % of NSP was digested in the caecum of RSD-

fed pigs, whereas it was 47 % in that of AXD-fed pigs, with

intermediate digestibility being observed in WSD-fed pigs.

Also, in the three colon segments, the digestibility of NSP

was 19–32 % lower (P,0·001) in RSD-fed pigs than in WSD-

and AXD-fed pigs, with the latter two showing comparable

NSP digestibilities. RS was only detected in the digesta from

RSD-fed pigs. RS was mainly digested in the caecum and

only 3 % of RS was still undigested in the distal colon

(Table 4). The content of total RS (RSenz), expressed as the

percentage of digesta DM, in large-intestinal segments of

pigs fed the RSD and the proportion of RSenz constituted by

RSDMSO are shown in Fig. 1 . In the caecal digesta, RSDMSO

constituted approximately 65 % of RSenz. In the colon seg-

ments, RSDMSO constituted 70–100 % of RSenz. For comparison,

RSDMSO constituted 56 % of the RSenz in the RSD. In general,

AX was digested at a slower rate than RS irrespective of the

dietary treatments. There was no difference in the digestibility

of AX between the WSD and AXD in any of the gut

segments, whereas the digestibility of AX in RSD-fed pigs

was somewhat lower (P,0·001) throughout the large

intestine. The arabinose:xylose ratio was 0·6 to 0·75 higher

(P,0·001) in all the gut segments of AXD-fed pigs than in

those of RSD- and WSD-fed pigs. Low concentrations of

AXOS could be detected in the Si3 digesta of AXD-fed pigs,

but not in those of WSD- and RSD-fed pigs. AXOS was only

present at trace levels in the caecal digesta of AXD-, WSD-

and RSD-fed pigs (data not shown).

Table 4. Digestibility of DM, nutrients and NSP components and the ratio of arabinose:xylose in the different segments of the
large intestine of pigs fed the Western-style diet (WSD), the resistant starch diet (RSD) or the arabinoxylan diet (AXD) for 3 weeks

(Least-squares mean values with their standard errors, n 10 per treatment)

Diet P

Digestibility Segment WSD RSD AXD SEM Diet Segment Diet£segment

DM Cae 0·87a 0·81b 0·78c 0·007 ,0·001 ,0·001 ,0·001
Co1 0·91a 0·85b 0·83c

Co2 0·92a 0·87b 0·84c

Co3 0·92a 0·88b 0·85c

Protein (N £ 6·25) Cae 0·92a 0·84b 0·71c 0·007 ,0·001 ,0·001 ,0·001
Co1 0·93a 0·86b 0·76c

Co2 0·94a 0·87b 0·78c

Co3 0·94a 0·88b 0·80c

Fat Cae 0·93a 0·89a 0·84b 0·01 ,0·001 ,0·01 0·58
Co1 0·92a 0·90a 0·84b

Co2 0·92a 0·89a 0·83b

Co3 0·91a 0·89a 0·83b

Starch Cae 1·00a 0·98b 0·99a,b 0·003 0·007 ,0·001 ,0·001
Co1 1·00a 0·98b 0·99a,b

Co2 1·00 0·99 0·99
Co3 1·00 1·00 1·00

Total NSP Cae 0·28b 0·08c 0·47a 0·05 ,0·001 ,0·001 ,0·001
Co1 0·43a 0·24b 0·60a

Co2 0·60a 0·32b 0·64a

Co3 0·68a 0·43b 0·68a

RSenz Cae – 0·82 – 0·03 – ,0·001 –
Co1 – 0·89 –
Co2 – 0·95 –
Co3 – 0·97 –

Arabinoxylan Cae 0·41a,b 0·27b 0·52a 0·04 ,0·001 ,0·001 ,0·001
Co1 0·62a 0·41b 0·69a

Co2 0·69a 0·47b 0·66a

Co3 0·74a 0·57b 0·67a,b

Arabinose:xylose ratio Cae 0·18b 0·16b 0·74a 0·02 ,0·001 ,0·001 ,0·001
Co1 0·16b 0·15b 0·76a

Co2 0·24b 0·16b 0·91a

Co3 0·25b 0·23b 1·00a

Cae, caecum; Co1, proximal one-third of the colon; Co2, mid one-third of the colon; Co3, distal one-third of the colon; RSenz, total content
of resistant starch.

a,b,c Mean values within a row with unlike superscript letters were significantly different between the diets (P , 0·05).
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Fig. 1. Total content of resistant starch (RSenz, ) and proportion of RSenz

comprising RSdimethylsulphoxide (RSDMSO, ) in percentage of digesta DM

sampled from the caecum (Cae), proximal one-third of the colon (Co1), mid

one-third of the colon (Co2) and distal one-third of the colon (Co3) of RS

diet-fed pigs (n 10). Mean values are shown.
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The daily disappearance of selected dietary constituents

and the N pool size in the caecum and colon are shown in

Table 5. Diet did not affect the disappearance of fat and

protein in the caecum and colon (P¼0·67 and P¼0·21,

respectively); however, fat and protein disappeared to a sig-

nificantly greater extent from the caecum than from the

colon. The disappearance of total NSP was four to ten times

higher (P,0·001) in the caecum of AXD-fed pigs than in

that of WSD- and RSD-fed pigs; however, there was no diet-

induced differences in total NSP disappearance in the colon.

There was a comparable amount of the disappearance of

total NSP þ total RS in the caecum and colon of AXD- and

RSD-fed pigs (159 v. 147 g/d, respectively). The disappearance

of RSenz was more than twice as high (P¼0·006) in the caecum

as that in the colon of RSD-fed pigs. A similar amount of AX

disappeared in the caecum and colon of WSD- and RSD-fed

pigs. Given the three to four times higher content of AX in

the AXD than that in the other diets, the disappearance of

AX in both the caecum and colon was significantly higher in

AXD-fed pigs and almost three times higher in the caecum.

The daily N pool size was significantly higher in both the

caecum and colon of AXD-fed pigs, intermediate in RSD-fed

pigs and lowest in WSD-fed pigs. The feeding of the RSD

and AXD resulted in a comparable but significantly lower

MTT in the caecum and proximal part of the colon than the

WSD (Table 6). In the Co2 and Co3, the MTT was highest in

WSD-fed pigs, intermediate in RSD-fed pigs and lowest in

AXD-fed pigs. The MTT from the Si3 to Co3 was less than

half (P,0·001) in AXD-fed pigs compared with WSD-fed

pigs, with the MTT being intermediate in RSD-fed pigs.

Concentration and pool size of SCFA in the digesta

There was no diet-induced difference in the total SCFA

concentration of the digesta except in the Co3 where a

significantly higher concentration was observed in RSD-fed

pigs (107 mmol/kg wet digesta) than in WSD- or AXD-fed

pigs (89 and 91 mmol/kg wet digesta, respectively). No

differences between the diets were observed for acetate and

propionate concentrations in any of the gut segments.

Butyrate concentration was higher (P,0·01) in the caecum

(11 mmol/kg wet digesta) and Co1 (16 mmol/kg wet digesta)

of AXD-fed pigs than in the caecum (5 mmol/kg wet digesta)

and Co1 (9 mmol/kg wet digesta) of WSD-fed pigs, with the

concentration being intermediate in those of RSD-fed pigs

and not significantly different from the other two groups.

No differences in butyrate concentration were observed in

the Co2 and Co3. The feeding of the WSD resulted in the

significantly highest (2·4 mmol/kg wet digesta) and AXD in

the significantly lowest concentration (1·3 mmol/kg wet

digesta) of branched-chain fatty acids (BCFA, sum of iso-

butyrate and isovalerate) in the caecum, whereas there were

no diet-induced differences in the other intestinal segments.

Fig. 2 shows the pool size (mmol/d) of total and individual

SCFA in various segments of the intestinal tract. The AXD

increased (P,0·05) the pool size of total SCFA by 100 % or

more compared with the WSD in all intestinal segments

Table 5. Amounts* of the disappearance of the selected nutrients from the caecum and colon and nitrogen pool size in
the caecum and colon of pigs fed the Western-style diet (WSD), the resistant starch diet (RSD) or the arabinoxylan diet (AXD)
for 3 weeks

(Least-squares mean values with their standard errors, n 10 per treatment)

Diet P

Disappearance (g/d) Segment WSD RSD AXD SEM Diet Segment Diet£segment

Fat Caecum 9·8 6·0 4·3 2·5 0·67 ,0·001 0·47
Colon 21·9 21·4 21·0

Protein (N £ 6·25) Caecum 45·8 29·2 33·8 6·2 0·21 0·004 0·22
Colon 17·9 14·4 29·3

tNSP Caecum 21·3b 9·7b 104·5a 5·4 ,0·001 0·91 ,0·001
Colon 45·7 33·2 55·0

RSenz Caecum – 73·3 – 7·2 – 0·006 –
Colon – 30·7 –

AX Caecum 8·2b 7·0b 57·4a 1·9 ,0·001 ,0·001 ,0·001
Colon 10·7b 7·5b 19·4a

N pool size (g/d) Caecum 4·9c 9·1b 12·7a 0·4 ,0·001 ,0·001 ,0·001
Colon 18·8c 20·6b 22·4a

tNSP, total NSP; RSenz, total content of resistant starch; AX, arabinoxylan.
a,b,c Mean values within a row with unlike superscript letters were significantly different between the diets (P , 0·05).
* Calculated using the average feed intake the day before slaughter and the apparent digestibility of fat, protein, tNSP, RSenz, RSDMSO and AX.

Table 6. Mean transit time (h) in the intestinal segments of pigs fed
either the Western-style diet (WSD), the resistant starch diet (RSD)
or the arabinoxylan diet (AXD)

(Least-squares mean values with their standard errors, n 10 per
treatment)

Diet

Intestinal segments WSD RSD AXD SEM P

Cae 6·0a 3·3b 2·8b 0·40 ,0·001
Co1 4·1a 2·0b 2·2b 0·52 0·02
Co2 2·3a 1·3b 0·4c 0·31 0·001
Co3 3·6a 2·5b 1·2c 0·42 0·002
Si3–Co3 21·0a 12·9b 9·3c 0·95 ,0·001

Cae, caecum; Co1, proximal one-third of the colon; Co2, mid one-third of the colon;
Co3, distal one-third of the colon; Si3, distal one-third of the small intestine.

a,b,c Mean values within a row with unlike superscript letters were significantly
different between the diets (P , 0·05).
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(Fig. 2(A)), with the RSD also increasing the pool size signifi-

cantly, except in the Si3 and not to the same extent as the AXD

in the caecum. A similar trend was observed for the pool size

of acetate and propionate, with AXD feeding resulting in a sig-

nificantly larger pool size than the WSD, except for propionate

in the Co3, where an intermediate pool size was observed

following the RSD. In the caecum, Co1 and Co2, AXD feeding

resulted in a 3- to 5-fold larger (P,0·001) pool size of butyrate

compared with the WSD. In the caecum and Co1, the RSD also

increased the butyrate pool significantly (2- to 2·8-fold) com-

pared with the WSD. In the Co3, there was a non-significant

increase in butyrate pool size by the AXD compared with

the WSD. The pool size of BCFA was 70–100 % higher

(P,0·05) following the AXD in the caecum, Co1 and Co3

compared with the WSD, with an intermediate pool size

being observed following the RSD without any difference

from the other diets. In the entire large intestine, the AXD

most efficiently increased the pool size of total SCFA, propio-

nate and butyrate followed by the RSD and WSD (Table 7).

Microbial composition in the faeces and
principal component analysis

Analyses of the microbial composition in the faeces sampled

at week 3 of the experiment showed a significantly higher

level of F. prausnitzii, R. intestinalis, B. coccoides–E. rectale,

Bifidobacterium spp. and Lactobacillus spp. in AXD-fed pigs

than that in the other two groups, although for Bifidobac-

terium spp., the RSD was not significantly different from

either the AXD or the WSD (Fig. 3).

The results of PCA, which transforms a number of corre-

lated variables into a small number of uncorrelated variables,

on faecal microbial composition from week 3 of the exper-

imental period and total and individual pool sizes of SCFA

in intestinal segments are depicted in Fig. 4(A) and (B).

The first and the second principal components were respon-

sible for 63·5 % of the total variance, and there was a clear

clustering between the three diets; high, intermediate and

low intestinal SCFA production for the AXD, RSD and WSD,

respectively. The individual variation was highest for RSD-

fed pigs, and from the PCA, one RSD-fed pig, in particular,

was identified as an outlier (Fig. 4(A)).

Discussion

In the present study, we investigated the effect of increased

amounts of DF from a low level (7 %) in a high-fat refined-

carbohydrate WSD to a high level (19 %), provided as either

a RSD or AXD, on digestion processes, intestinal SCFA concen-

tration and pool size and on faecal microbial composition.

Of specific interest was the formation of butyrate due to

its significant role in colonic health(4) and as a key player

in the microbial–mammalian metabolic axis(40), providing

a possible link between diet, intestinal microbiota and

obesity-related metabolic diseases(41). We provide evidence
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Fig. 2. Pool size of (A) total SCFA, (B) acetate, (C) propionate, (D) butyrate and (E) branched-chain fatty acids in the distal one-third of the small intestine (Si3),

the caecum (Cae) and the proximal, mid and distal one-third of the colon (Co1, Co2 and Co3) of pigs fed one of the three different diets for 3 weeks. Values are

least-squares means (n 10 per diet), with their standard errors represented by vertical bars. a,b,c Mean values with unlike letters were significantly different within

the intestinal segments (P,0·05). There was a significant effect for diet ((A–E) P,0·001) and the diet £ segment interaction was significant ((A–D) P,0·001 and

(E) P¼0·006). , Western-style diet; , resistant starch diet; , arabinoxylan diet.

Table 7. Pool size (mmol/d) of total and individual SCFA (branched-
chain fatty acids; BCFA) in the large intestine (caecum þ proximal one-
third of the colon þ mid one-third of the colon þ distal one-third of the
colon) in pigs fed either the Western-style diet (WSD), the resistant
starch diet (RSD) or the arabinoxylan diet (AXD)

(Least-squares mean values with their standard errors)

Diet

WSD RSD AXD SEM P

Total SCFA 237c 512b 641a 31 ,0·001
Acetate 152b 320a 384a 25 ,0·001
Propionate 51c 109b 148a 9 ,0·001
Butyrate 19c 46b 79a 5 ,0·001
BCFA 2·8b 3·8a,b 4·4a 0·4 0·01

a,b,c Mean values within a row with unlike superscript letters were significantly
different (P , 0·05).
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that AX from rye flakes and enzyme-treated wheat bran is

more efficient than RS from raw potato starch and HAM-RS2

in stimulating the number of butyrate-producing bacteria

and in increasing the pool size of butyrate in the caecum,

proximal and mid colon and thereby butyrate production.

Bach Knudsen & Lærke(42) showed a positive linear relation-

ship between digested AX and net butyrate absorption in con-

scious catheterised pigs fed cereal-based bread diets varying

in DF composition. This makes it plausible that the effects

that we reported on especially butyrate pool size in the digesta

are primarily due to AX components in the AXD, rather than

other DF constituents in rye flakes and wheat bran, although
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AX constitutes a smaller proportion of total DF in the AXD

(40 %) than RS does in the RSD (61 %).

Dietary fibre characteristics and
effects on digestion processes

The two high-DF diets provided equal amounts of DF,

but with different chemical compositions and physical

characteristics(18,43). The structure and degradability of

AX depends on its origin(19,44,45), and AX in the AXD was more

substituted than that in the WSD and RSD based on the

arabinose:xylose ratio of the diets. We found that AX in the

AXD was more readily fermented already in the caecum and

continued to be fermented along the large intestine, resulting

in an increased substitution of AX in the undigested residue as

also found by Glitso et al.(19). In contrast, the structure of

AX in the WSD and RSD was equally and hardly changed

throughout the large intestine, although it should be noted

that the total amount of AX in the WSD and RSD was one-quarter

or less the level of AX in the AXD. This confirms that there is not

necessarily a linear relationship between the arabinose:xylose

ratio and AX degradability, since this also depends on, for

example, the number of double substitutions(42).

RS is defined as any starch or starch-derived material that

escapes digestion and absorption in the upper digestive

tract, and it comes in many forms with varying physical and

organoleptic properties(46). The high-amylose maize starch

and raw potato starch in the RSD used in the present study

belong to the RS2 type of RS; starch granules are inaccessible

to amylases due to granule starch structure(43). In line with

other recent pig studies(14,47) where retrograded tapioca

starch was applied as the RS source (RS3 type), we found

that RS was mainly degraded in the caecum. The higher

proportion of RSDMSO (65–100 % of RSenz) in large-intestinal

digesta than in the RSD (56 % of RSenz) indicates that the

proportion of RS analysed as RSDMSO was more slowly fer-

mented than the remaining RS in RSenz. Further analysis of

individual RS ingredients (HAM-RS2 and raw potato starch)

in the RSD is required to more specifically identify the origin

of the RSDMSO fraction of RSenz. Giuberti et al.(48) reported

that granule characteristics of potato starch differed from

those of HAM-RS2 in having a larger diameter, surface area

and volume, so there are likely differences in in vivo fer-

mentability between the two RS sources. In particular, one

RSD-fed pig degraded RS to a very low extent in all intestinal

segments, and data from this pig were often identified as

outliers in the statistical analysis and thus excluded from the

dataset. A large individual difference in the ability of the

microbiota to ferment RS has also been observed in human

RS intervention studies(49).

Protein sources used in the WSD and RSD were identical

(wheat flour and whey protein), but the digestibility of protein

was lower in all large-intestinal segments of RSD-fed pigs,

probably because the fermentation of RS resulted in increased

production of microbial biomass and increased secretion of

endogenous proteins. In AXD-fed pigs that exhibited an

even lower protein digestibility in all large-intestinal segments

than in RSD-fed pigs, the same factors are believed to be

responsible, with protein originating from rye flakes being

more inaccessible for digestion because of structural incorpor-

ation into the cell-wall structure, as shown in previous pig

studies(23,50). The lower digestibility of protein but also of

DM corresponded well with the higher passage rate in all

intestinal segments of pigs fed the high-DF diets compared

with the WSD, resulting in less time for nutrient degradation

and absorption. It is noteworthy that although the transit

time from the small intestine to the distal colon is 28 %

lower in AXD-fed pigs than in RSD-fed pigs, allowing

for less time for microbial fermentation of NSP components,

the AXD still results in the largest SCFA pool size. It is well

established that soluble DF, which is higher in the AXD than

in the other two diets, reduces the digestibility of fat in the

small intestine(51). We found that this effect is persistent

throughout the large intestine, similar to what has been

reported in another pig study using a rye-based high-DF diet

rich in AX(23).

Microbial composition and SCFA pool size

Feeding with the AXD resulted in a higher level of not only

the butyrate-producing bacteria F. prausnitzii, R. intestinalis

and B. coccoides–E. rectale, but also Bifidobacterium spp.

and Lactobacillus spp. in the faeces. Protein disappearance

in the large intestine was similar across the diets and the

N pool size was highest in the large intestine of AXD-fed

pigs despite almost 25 % less protein in the AXD than in

the other two diets. Together, these results indicate that the

higher number of bacteria associated with carbohydrate

fermentation did not occur because of less competition from

protein fermentation. In contrast, the larger pool size of

BCFA in the large intestine of AXD-fed pigs (Fig. 2) indicates

that feeding with the AXD actually resulted in a higher level

of protein fermentation, as more protein reach the large intes-

tine. This is supported by the results reported by Ingerslev

et al.(25) showing that AXD-fed pigs have a significantly

higher concentration of BCFA in portal blood, indicating

higher BCFA absorption than that in WSD- and RSD-fed

pigs. The PCA showed that R. intestinalis was the bacteria

mostly responsible for the separation between the diets. In

line with the present results, Neyrinck et al.(52) showed that

a high-fat diet with 10 % long-chain soluble wheat AX

increased Roseburia spp. and Bifidobacterium spp. in the

caecal digesta of diet-induced obese mice compared with a

control diet without AX. RS may also modify the microbial

composition in the large intestine. RS from retrograded tapioca

starch stimulated F. prausnitzii in the colon content of pigs

and had a negative effect on the abundance of R. intestinalis

and Lactobacillus (14), whereas RS from high-amylose maize

stimulated Bifidobacterium spp. in pigs(53). Although we did

not observe any changes in the microbial composition follow-

ing the RSD, the degradation of NSP in the large intestine was

substantially impaired in RSD-fed pigs, which indicates that

the existing micro-organisms shifted towards fermenting RS

instead of NSP. Since RS itself was primarily utilised in the

caecum, it could positively affect colon health by delaying
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the degradation of other NSP components in the more distal

parts of the large intestine.

The shift in the microbial composition of AXD-fed pigs was

clearly reflected in the SCFA profile of the intestinal digesta.

In general, the concentration of fermentation metabolites

measured in the present study is comparable with those

found in other studies with pigs fed RS- and AX-enriched

diets(14,50). Because more than 95 % of the SCFA produced

are rapidly absorbed from the intestinal lumen and metab-

olised by the host, SCFA production would be more precisely

estimated if the luminal SCFA pool was coupled to the quan-

titative measurements of SCFA in portal blood(54). By using

the same experimental diets as applied in the present study,

Ingerslev et al.(25) showed that the AXD most efficiently stimu-

lated the absorption of total SCFA and butyrate in the portal

blood of multi-catheterised pigs, followed by the RSD and

then by the WSD. Based on their results, it seems reasonable

that we use the pool of total and individual SCFA in intestinal

segments to estimate the daily production of SCFA. In accord-

ance with the results from other studies in pigs(55–57), we

found that the SCFA pool size was low in the distal small intes-

tine, increased in the caecum, peaked in the proximal colon

and then declined towards the distal colon. This profile is

consistent with greater fermentation of non-digestible carbo-

hydrates occurring in the proximal large intestine (through

greater substrate availability) and a decline in the pool size

due to the depletion of the substrate and the absorption of

SCFA from the digesta to the portal blood.

AX most efficiently increased both butyrate concentration

and pool size in the caecum, proximal and mid part of the

colon compared with RS. A number of in vitro studies have

compared the concentration of SCFA following inoculation

of different types of DF with human faeces(58,59) or in in vitro

human gut simulation models(60). However, only one study

has compared the effects of human faecal inoculation with

high-amylose maize RS or maize bran AX for 12 h of incu-

bation and found no difference in butyrate production

between the two substrates(58). Typical for these in vitro

models is that they do not account for the dynamics of SCFA

absorption in the intestinal epithelium and that the microbial

community has a very short adaptation time to the introduced

substrates compared with the present study on pig micro-

biota conducted during an experimental period of 3 weeks,

which makes SCFA concentrations difficult to compare.

Conclusion

In the present study, we report that DF provided as either RS

type 2 from high-amylose maize and raw potato starch or AX

from rye flakes and enzyme-treated wheat bran has a signifi-

cant and different influence on digestion processes and on

the digestibility of nutrients and NSP components in the

large intestine compared with a Western-style control diet

low in DF. An AX-rich diet is more efficient than a RS-rich

diet in shifting the microbial composition towards butyrogenic

species in the faeces and in increasing the pool size of total

SCFA and butyrate concentrations in the caecum, proximal

and mid colon and in the entire large intestine.
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