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and digesta characteristics in ileal-cannulated grower pigs
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Abstract

Relative contributions of two functional properties, viscosity and fermentability of dietary fibre, on apparent ileal digestibility (AID),
apparent total tract digestibility (ATTD), digesta passage rate, N retention and SCFA concentration have not been established. Thus,
eight ileal-cannulated pigs randomised in a double 4 X 4 Latin square were fed four diets based on maize starch and casein supplemented
with 5% of actual fibre in a 2 X 2 factorial arrangement: low-fermentable, low-viscous cellulose (CEL); low-fermentable, high-viscous
carboxymethylcellulose (CMC); high-fermentable, low-viscous oat B-glucan (LBG); high-fermentable, high-viscous oat B-glucan (HBG).
Viscosity and fermentability interacted to affect (P<0-001) digesta viscosity and AID and ATTD of nutrients. These properties tended to
interact to affect (2<<0-10) digesta passage rate and butyrate. Pigs fed the CMC diet had the lowest (P<0-05) digesta passage rate and
the highest (P<0-001) AID of energy, crude protein and DM, and ATTD of energy and DM. Post-ileal DM digestibility was highest
(P<0-001) for pigs fed the CEL and HBG diets. Post-ileal DM digestibility had a negative, curvilinear relationship with the AID of
energy and crude protein (R? 0-85 and 0-72, respectively; P<0-001). Digesta viscosity had a less strong relationship with the AID of
energy and crude protein (R* 0-45 and 0-36, respectively; P<0-001). In conclusion, high-viscous, low-fermentable dietary fibre increases
the proportion of a diet that is digested in the small intestine by reducing digesta passage rate.
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Dietary fibre is an important component of dietary ingredients
but is not digested by porcine digestive enzymes. Dietary fibre
may be fermented, mostly in the large intestine, and may
reduce the digestibility of other macronutrients'”. The physio-
logical effects of dietary fibre are attributable to two functional
properties, viscosity and fermentability'®. Viscous fibre binds
water, increases digesta viscosity, modifies digesta passage
rate and thereby reduces nutrient digestibility in the small
G4 Fermentable fibre contributes a major part of
the non-digested nutrients that pass into the large intestine
and are fermented by microbial populations, thereby produ-
cing SCFA®.

The effects of types of dietary fibre on nutrient digestibility
have been linked to structural characteristics and solubility of
fibre®®” However, the role and specific contributions of

intestine

viscosity and fermentability are largely unknown. Moreover,
most studies investigating the role of fibre are based on feed-
ing fibre-rich ingredients containing fibre as part of intact plant
cell wall; therefore, specific effects of functional properties or

structural effects cannot be differentiated®. Thus, the concept

of feeding purified fibre fractions with semi-purified diets was
adopted to study specific contributions of viscosity and fer-
mentability and their possible interactions. However, results
with isolated fibre ingredients should be extrapolated carefully
to natural fibre feed ingredients.

The hypothesis of the present study was that viscosity and
fermentability of fibre independently affect digesta character-
istics and nutrient digestibility in pigs. The objectives were
to understand the independent and interactive effects of the
two functional properties of dietary fibre in semi-purified
diets on nutrient digestibility, digesta characteristics, passage
rate, SCFA concentration and N retention in ileal-cannulated
grower pigs.

Materials and methods
Animals and diets

The animal protocol was approved by the Animal Care Com-
mittee of the University of Alberta and followed the guidelines

Abbreviations: AA, amino acids; ADG, average daily gain; AID, apparent ileal digestibility; ATTD, apparent total tract digestibility; CEL, low-fermentable,

low-viscous cellulose; CMC, low-fermentable, high-viscous carboxymethylcellulose; HBG, high-fermentable, high-viscous oat B-glucan; LBG, high-

fermentable, low-viscous oat B-glucan; PC, principal component.
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established by the Canadian Council on Animal Care”. The
animal experiment was conducted at the Swine Research
and Technology Centre at the University of Alberta (Edmon-
ton, AB, Canada).

A total of eight crossbred barrows (initial body weight, 20—
25kg; Duroc X Large White/Landrace; Hypor, Inc., Regina, SK,
Canada) were moved 1 week before surgery into individual
metabolism pens (1-2 X 1-:2m). Each pen was equipped with
a single-space feeder and a low-pressure bowl drinker. Pigs
were surgically modified with a T-cannula at the distal
ileum. At 10 d post-surgery, eight pigs were randomly assigned
to one of the four experimental diets according to a double
4 X 4 Latin square design. The daily feed allowance was
adjusted to 3 X maintenance of energy (3 X 460-2k] DE/kg
body weight®”*)"” and was fed as mash in two equal
meals at 08.00 and 16.00 hours with free access to water.

The four semi-purified experimental diets were based on
maize starch, casein and rapeseed oil (Table 1). Diets con-
tained 5% of actual dietary fibre corrected for impurities,
from four sources differing in viscosity and fermentability:
low-fermentable, low-viscous cellulose (CEL, TIC Pretested®
TICACEL 100 cellulose powder; TIC Gums, Inc., White
Marsh, MD, USA); low-fermentable, high-viscous carboxy-
methylcellulose (CMC, TIC Pretested® CMC 6000 fine
powder; TIC Gums, Inc.); high-fermentable, low-viscous oat

B-glucan (LBG, Oat Vantage®; GTC Nutrition, Golden, CO,
USA); high-fermentable, high-viscous oat B-glucan (HBG,
Viscofiber®; Cevena Bioproducts, Edmonton, AB, Canada).
The LBG diet had a lower molecular weight than the HBG
diet (81000 ». 1100000 Da). High- and low-viscous dietary
fibre were selected based on in vitro viscosity measure-

11

ments High- and low-fermentable dietary fibre were

selected based on in vitro gas production measurements''? .
Diets were fortified with vitamin and mineral to meet or
exceed the nutrient requirements of pigs"'”. TiO, was

included in the diets as an indigestible marker.

Experimental procedure

Each 17 d experimental period consisted of a 10d of acclimat-
isation to diets, followed by a 3d collection of faeces and
urine samples and a 4d collection of ileal digesta. Faeces
were collected from 08.00 to 16.00 hours after attaching
bags to rings glued around the anus®
in buckets containing 25ml of concentrated H,SO, for 24 h,
and weighed and pooled for 3d. For digestibility measure-
ments, Ileal digesta were collected from 08.00 to 16.00 hours
into plastic bags (10 ¢cm in length and 4 ¢cm in diameter) con-
taining 8ml of 10% (v/v) formic acid to minimise bacterial
fermentation. Every third bag of digesta was collected without

. Urine was collected

Table 1. Ingredient composition of the experimental diets containing four fibre sources (as-fed basis)

Low-fermentable High-fermentable

MS British Journal of Nutrition

Low-viscous High-viscous Low-viscous High-viscous

Ingredients (g/kg) CEL CMC LBG HBG
Maize starch* 729-0 718:5 688-5 674-6
Calcium caseinatet 160-0 160-0 160-0 160-0
Celluloset 52.0 - - -

CMC§ - 62-5 - -

LBG| - - 89-5 -

HBGY - - - 92.5
Dicalcium phosphate 12.0 12.0 12.0 12.0
Celite** 10-0 10-0 10-0 10-0
Rapeseed oil 10.0 10:0 10-0 10-0
Limestone 9.0 9.0 9.0 9.0
Mineral premixtt 5.0 5.0 5.0 5.0
Vitamin premixtt 5.0 5-0 5.0 5.0
Salt 5.0 5-0 5-0 5.0
TiO» 30 3.0 3.0 3.0

CEL, low-fermentable, low-viscous cellulose; CMC, low-fermentable, high-viscous carboxymethyicellulose; HBG,
high-fermentable, high-viscous oat B-glucan; LBG, high-fermentable, low-viscous oat B-glucan.

*Melojel (National Starch and Chemical Company, Bridgewater, NJ, USA).

1 Spray-dried calcium caseinate (American Casein Company, Burlington, NJ, USA).

+TIC Pretested® TICACEL 100 cellulose powder (TIC Gums, Inc.); 100g contains 999 of insoluble dietary fibre,
28 mg Na and 3mg Ca.

§ TIC Pretested® CMC 6000 fine powder (TIC Gums, Inc., White Marsh, MD, USA); 100g contains 80g of soluble
dietary fibre, 7943 mg Na, 9mg Ca and 19 mg K.

|| OatVantage™ oat bran concentrate (GTC Nutrition, Golden, CO, USA); 100g contains 54g B-glucan, 5g of
moisture, 12g of protein, 2g of total fat, 5g of ash, 71 g of total carbohydrates, 54 g of total dietary fibre, 16 g of
starch, 350 mg Ca, 140 mg Mg and 88 mg P.

1 Viscofibre® oat B-glucan concentrate (Cevena Bioproducts, Edmonton, AB, Canada); 100 g contains 45 g B-glucan,
7 g of moisture, 80-1g of total carbohydrates, 70-6 g of total dietary fibre (57-3g (soluble) and 13-4 g (insoluble)),
459 B-glucan, 7-1 g of starch, 4.7 g of protein, 4 g of lipids and 4-1 g of ash.

** Acid-insoluble ash (Celite Corporation, Lompoc, CA, USA).

11 Provided per kg of diet: Zn, 100mg as ZnSQO,; Fe, 80 mg as FeSO,; Cu, 50 mg as CuSO,4; Mn, 25mg as MnSOy;
1, 0-6mg as Ca(lO3),; Se, 0-1mg as Nap,SeOs.

11 Provided per kg of diet: retinol, 2-5mg; cholecalciferol, 20-6 pg; a-tocopherol, 2-7 pg; niacin, 35 mg; p-pantothenic
acid, 15mg; riboflavin, 5mg; menadione, 4 mg; folic acid, 2mg; thiamin, 1 mg; p-biotin, 0-2mg; cyanocobalamin,
0-025mg.
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formic acid for SCFA analyses. The bags were removed when
filled approximately 70 % with digesta and immediately frozen
at —20°C.

For digesta passage rate, on day 7 of collection, 40ml of a
liquid marker (Cr-EDTA) and 1g of a solid marker (Yb,O3)
were mixed into the morning single meal. The meal was
fed, and digesta were collected at 90, 180, 270, 360, 540 and
720min after feed consumption®
urine and digesta were pooled by pig observation and
immediately frozen at —20°C. Faeces and digesta were hom-
ogenised, subsampled, freeze-dried and ground finely over a
0-5mm screen in a centrifugal mill (model ZM1, Retsch;
Brinkman Instruments, Rexdale, ON, Canada).

. The collected faeces,

Chemical analyses

In vitro viscosity of diets and fibre sources was determined in
a 0-5% solution using a rheometer (UDS 200; Paar Physica,
Glenn, VA, USA) at a shear rate of 12:9/s and a temperature
of 20°C™Y. In vitro gas production of diets was determined
for 12h by an in vitro gas production technique™?. Diets,
digesta and faeces were analysed in duplicate for DM, gross
energy, starch, crude protein, diethyl ether extract, amino

acids (AA) and total dietary fibre (soluble, insoluble and
tota). DM was analysed by drying at 135°C in an airflow-
type oven for 2h (method 930.15)">, gross energy using an
adiabatic bomb calorimeter (model 5003; Tka-Werke GMBH
& Company KG, Staufen, Germany), crude protein by oxi-
dation (N X 6-25, FP-428 N determinator; Leco Corporation,
St Joseph, MI, USA), ash (method 9420.5)> and diethyl
ether extract using a Goldfish Extraction apparatus with
diethyl ether as the solvent (method 920.39)'>. The AA in
digesta and feed were analysed by ion-exchange chromatog-
raphy(m) . Total starch, total dietary fibre and mixed linked
B-glucan were analysed using kits (Megazyme International
Ireland Limited, Bray, Ireland) based on enzymatic analysis
(methods 996.11, 2002.02, 985.29 and 995.16, respectively)'>
TiO, was analysed using a spectrophotometer (method
540.9)">. Fresh faecal and digesta samples were analysed
for DM (method 930.15)" and SCFA by GC with 4-methyl
valeric acid as the internal standard®. Digesta samples
were analysed for pH (Accumet Basic AB15; Fischer Scientific,
Fairlawn, NJ, USA). Digesta viscosity was measured using a
DV-I Viscometer with a cylindrical sample chamber and a
SC4-18 spindle at 100, 50, 20, 10 and 5 rpm (Brookfield, Mid-
dleboro, MA, USA). Digesta samples were incubated at 80°C

Table 2. Analysed chemical composition and functional properties of the experimental diets containing

four fibre sources (as-fed basis)

Low-fermentable

High-fermentable

Low-viscous High-viscous Low-viscous High-viscous
Items CEL CMC LBG HBG
Chemical composition (g/kg)
Starch 629 602 602 575
Total dietary fibre
Insoluble 53-8 19-4 19-6 45.3
Soluble 0-00 471 61-0 43-4
Total 53-8 66-5 80-6 887
B-Glucan 00.-0 00-0 50-9 45.9
Crude protein 148 147 162 156
Diethyl ether extract 4.0 2.6 6-8 6-4
Ash 44.7 52-6 46-4 49.7
Indispensable amino acids
Arg 35 35 41 38
His 41 38 4.2 4.3
lle 8-6 85 90 8-9
Leu 14-0 140 14.8 14.5
Lys 115 115 119 11.7
Met 25 24 2.7 2.5
Phe 7-5 74 8.0 78
Thr 5.5 5.0 6-0 5.7
Val 10-0 99 10-6 10-4
Dispensable amino acids
Ala 4.6 4.6 52 51
Asp 10-4 10-2 11.3 12.0
Glu 32.9 32:5 352 337
Gly 31 31 4.3 37
Ser 54 54 6-1 5.6
Tyr 5.0 4.8 5.3 5.3
Gross energy (MJ/kg) 15.9 159 16-4 164
In vitro viscosity (mPa X s (log))* 0-40 3-29 1-69 3-54
Cumulative gas production (ml/g) 36 19 187 167

CEL, low-fermentable, low-viscous cellulose; CMC, low-fermentable, high-viscous carboxymethylcellulose; HBG, high-
fermentable, high-viscous oat B-glucan; LBG, high-fermentable, low-viscous oat 3-glucan.
* In vitro viscosity of the four test ingredients was as follows: CEL, 0-49mPa x s (log); CMC, 2-46 mPa x s (log); LBG,

1-38mPa x s (log); HBG, 2-32mPa x s (log).
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for 10min, cooled to 37°C and centrifuged at 3000 rpm
for 10min, and, subsequently, viscosity of the supernatant
was measured. Viscosity values were converted to a log
scale to reach a normal distribution. Cr-EDTA and Yb,Oj
were analysed using an atomic absorption spectrometer
(Varian SpectAA 240 FS; Agilent Technologies Canada Inc.,
Mississauga, ON, Canada) by a standard procedure"”. Urinary
N was analysed using the Kjeldahl method (method 968.06)*> .

Calculations

The apparent ileal digestibility (AID) and apparent total tract
digestibility (ATTD) of DM, crude protein, AA, ash, starch
and energy were calculated using the TiO, concentration
of feed, digesta and faeces. Post-ileal DM digestibility was
calculated as the difference between the ATTD and AID of
DM. Digesta passage rate was calculated from the linear
relationship following the first-order kinetics as described by
the equation log Y=a — bX, where Y is the log of Yb,Oj3
concentration (mg Yb,O3/kg DM) and X is the time (h), and
thus the slope (b) of the line is the rate constant that describes
the digesta passage rate"®. The marker excretion per hour
was calculated using the equation”;

%/h = (1 — e’) x 100.

Statistical analyses

To compare differences among diets, data were subjected to
ANOVA using the mixed procedure (SAS Institute Inc., Cary,
NC, USA). The fixed effect of the diet (7 4) and the random
effect of the experimental period (n 4) and pigs (n 8) were
included in the main model. The pig was used as the experi-
mental unit, and values are reported as least-square means.
Specific effects of viscosity and fermentability and their inter-
action were analysed using contrast statements. If viscosity
and fermentability interacted (P<0-10), means were separated
using the probability of difference. Differences were considered

significant if P<0-05 and were described as tendencies
if 0-05 = P<0-10. Principal component (PC) analysis was
performed using multivariate analysis (JMP software, version
8.0.1; SAS Institute Inc.), and the loading plot was used to
determine correlations among individual variables of the first
two eigenvalues (i.e. PC 1 and 2). The relationship between
the AID of energy, crude protein and ash with post-ileal DM
digestibility (fermentability) and viscosity was analysed using
weighted linear and non-linear regression analysis (PROC
REG; SAS Institute Inc.), with predicted values of the dependent
variable adjusted for period and pig effects"”.

Results
Pigs and diets

All pigs remained healthy throughout the experiment. The
starch content differed slightly among diets (Table 2). Total
dietary fibre content was mostly insoluble for the CEL diet
and mostly soluble for the CMC and LBG diets. In contrast,
the HBG diet contained equal insoluble and soluble total diet-
ary fibre. The crude protein and AA content was higher in the
LBG and HBG diets, because the two oat B-glucan concen-
trates contained some crude protein. Similarly, the gross
energy content was higher in the LBG and HBG diets, which
could be related to the fat impurities in the B-glucan concen-
trates. Diets met the minimum requirements of nutrients for
pigs of that body-weight group.

Average daily gain, digesta characteristics and nitrogen
balance

Viscosity and fermentability interacted (Table 3; P<<0-001) to
change the average daily gain (ADG) of pigs; specifically,
pigs fed the CMC diet had a 38% lower (P<<0:05) ADG than
pigs fed the other three fibre sources. Viscosity and ferment-
ability did not affect the pH of ileal digesta. Viscosity and
fermentability interacted to change (Table 3; P<<0-001) digesta

Table 3. Average daily gain (ADG), physio-chemical characteristics of digesta and nitrogen balance of pigs fed the experimental diets containing four

fibre sources
(Mean values with their standard errors, n 8)

Low-fermentable

High-fermentable

P
Low-viscous High-viscous Low-viscous High-viscous
CEL CMC LBG HBG SEM v F VxF

ltems

ADG (g/d) 5402 330° 5302 5702 50 0-006 <0-001 <0-001
pH 4.7 5.0 5.0 5.0 0-2 0-335 0-456 0-449
Digesta viscosity (mPa x s (log)) 2.5° 4.12 3.20 3.3° 0-2 <0-001 <0-001 <0-001
Fresh digesta (% DM) 17.22 5.5° 8.6° 9.0° 0-9 <0-001 0-019 <0-001
Fresh faeces (% DM) 51.32 25.9° 49.92 55.42 4.7 <0-001 <0-001 <0-001
Total N intake (g/d) 46.8 47.7 461 47.5 8.1 0-089 0-501 0-677
Faecal N loss (g/d) 7-62 5.2° 6-92° 8.0° 1.7 0-391 0-159 0-029
Urinary N loss (g/d) 95 12.0 10-5 105 1.7 0-218 0.792 0-240
N retention (g/d) 30-4 311 288 29.3 5.6 0-633 0-223 0-943
Faecal:urinary N ratio 0.72P 0-5° 0-62° 0-82 0-1 0-510 0-769 0-094

CEL, low-fermentable, low-viscous cellulose; CMC, low-fermentable, high-viscous carboxymethylcellulose; HBG, high-fermentable, high-viscous oat B-glucan; LBG, high-
fermentable, low-viscous oat B-glucan; V, viscosity; F, fermentability.
ab< \ean values within a row with unlike superscript letters were significantly different (P<0-05).
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Table 4. Digesta passage rate of pigs fed the experimental diets containing four fibre sources

(Mean values with their standard errors, n 8)

Low-fermentable

High-fermentable

P
Low-viscous High-viscous Low-viscous High-viscous
Items CEL CMC LBG HBG SEM v F VXF
Digesta passage rate* 0-30° 0-10° 0-292 0-292 0-07 0-124 0-010 0-095
Marker excretion (%/h)t 21.0? 7-9° 22.92 25.52 4.7 0-001 0-003 0-050

CEL, low-fermentable, low-viscous cellulose; CMC, low-fermentable, high-viscous carboxymethylcellulose; HBG, high-fermentable, high-viscous oat B-glucan;
LBG, high-fermentable, low-viscous oat B-glucan; V, viscosity; F, fermentability.

aPMean values within a row with unlike superscript letters were significantly different (P<0-05).

* Calculated from the linear relationship following the first-order kinetics as described by the equation log Y = a — bX, where Y is the log of Yb,O3 concentration
(mg Yb>Og/kg DM) and Xis the time (h), and thus the slope (b) of the line is the rate constant.

t Calculated as (1 — e?) x 100.

viscosity (including its liquid fraction; data not shown) and
DM content of digesta and faeces. Pigs fed the CMC diet
had the highest (P<0-05) digesta viscosity followed by the
HBG and LBG diets, whereas pigs fed the CEL diet had the
lowest (P<0-05) digesta viscosity. The DM content of fresh
digesta was highest (P<0-05) for pigs fed the CEL diet, fol-
lowed by the LBG and HBG diets, and was lowest (P<0:05)
for pigs fed the CMC diet. The DM content of fresh faeces
was half (P<0-05) for pigs fed the CMC diet than that for
pigs fed the other three fibre sources.

Total N intake tended to be higher (Table 3; P<0-10) after
feeding high- than low-viscous fibre sources. Viscosity and
fermentability interacted (P<0:05) to affect faecal N loss;
specifically, pigs fed the CMC diet had lower (P<0-05)
faecal N than those fed the CEL and HBG diets. Viscosity and

fermentability did not affect urinary N loss and retention.
Viscosity and fermentability tended to interact (P<0-10) to
affect the faecal:urinary N ratio. Pigs fed the CMC diet had a
lower faecal:urinary N ratio (P<0-05) than those fed the
HBG diet.

Digesta kinetics

Viscosity and fermentability tended to interact (Table 4;
P<010) to affect digesta passage rate. The regression
equations obtained for digesta passage rate had an R? value
of 0-80, 0:73, 0-73 and 0-77 for the CEL, CMC, LBG and HBG
diets, respectively. The feeding of the CMC diet reduced
(P<0:05) digesta passage rate by 66% compared with that
of the other three fibre sources (Table 4).

Table 5. Apparent ileal digestibility (AID) and total tract digestibility (ATTD) of nutrients in pigs fed the experimental diets containing four fibre sources

(Mean values with their standard errors, n 8)

Low-fermentable

High-fermentable

P
Low-viscous High-viscous Low-viscous High-viscous

Items CEL CMC LBG HBG SEM v F VXF
AID (%)

Ash -41.7° 34.02 0-9° -26.0° 8.0 0-003 0-236 <0-001

Crude protein 72.8° 85.6° 77.7° 72.8° 1.8 0-012 0-012 <0-001

DM 69-8° 8652 75-9° 72.6° 1.3 <0-001 <0-001 <0-001

Energy 76-1° 89.6% 78-0° 77-5° 141 <0-001 0-002 <0-001

Starch 985 97.7 96-1 986 1.3 0-694 0-350 0-189
Digestible energy (MJ/kg) 11.7° 14.22 12.9° 12.5° 0-4 <0-001 0-749 <0-001
ATTD (%)

Ash —49.3° 40.2° -26.3° —35.6° 15.9 <0-001 0-016 <0-001

Crude protein 85.0%P 88.8% 86.-33P 83.2° 1.5 0-814 0-142 0-025

DM 83.6° 87.92 88.22 85.42P 1.3 0-432 0-319 0-003

Energy 89-6° 90.5%° 92.5% 89.-8° 0-8 0257 0-141 0-027
Post-ileal digestibility (% of intake)*

Ash 22.3 14.9 56-8 -9:6 8.8 0-038 0-233 0-128

Crude protein 13.0% 4.0° 8.9 10-4%° 2.6 0-171 0-680 0-065

DM 13.8° 1.4° 11.42 12.8° 1.9 0-006 0-019 <0-001

Energy 13.5% 0-8° 11.82 12.32 1.5 <0-001 0-005 0-006
Post-ileal digestibility (% of entering caecum)

Ash -2.9 28.0 -32.0 -88 144 0-032 0-011 0-732

Crude protein 45.7 41.0 27.9 35.4 8.9 0-877 0-222 0-514

DM 45.42 25.5° 42.6° 46.0° 6-1 0-108 0-135 0-042

Energy 56.22 22.8° 55.32 53.62 5.2 0-005 0-012 0-009

CEL, low-fermentable, low-viscous cellulose; CMC, low-fermentable, high-viscous carboxymethylicellulose; HBG, high-fermentable, high-viscous oat B-glucan; LBG, high-

fermentable, low-viscous oat B-glucan; V, viscosity; F, fermentability.

ab.eMean values within a row with unlike superscript letters were significantly different (P< 0-05).

* Calculated as the difference between ATTD and AID of nutrients.
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Apparent ileal, total tract and post-ileal nutrient
digestibility

Viscosity and fermentability of fibre interacted to affect the
AID of nutrients (Table 5; P<0-001). The AID of crude
protein, DM and ash were highest (P<0-05) for pigs fed the
CMC diet, intermediate for pigs fed the LBG diet and lowest
(P<0:05) for pigs fed the CEL and HBG diets. The AID of
energy was 10—12% units higher (P<0-05) in pigs fed the
CMC diet than those fed the other three fibre sources, and
digestible energy content followed a similar pattern.

Viscosity and fermentability of fibre interacted to affect
(Table 5; P<0-001) the ATTD of nutrients. The ATTD of ash
was higher (P<<0-05) for pigs fed the CMC diet than those
fed the other three fibre sources. The ATTD of crude protein
was highest (P<0-05) for pigs fed the CMC diet and lowest
(P<0:05) for pigs fed the HBG diet. The ATTD of DM and
energy were highest (P<0:05) for pigs fed the LBG diet and
lowest (P<0-05) for pigs fed the CEL diet.

Post-ileal ash digestibility, expressed as percentage of
intake, was lower (P<0-05) for pigs fed viscous fibre. Viscosity
and fermentability tended to interact (P<0-1) to affect the
post-ileal digestibility of crude protein and was highest
(P<0-05) for pigs fed the CEL diet and lowest (P<0-05) for
pigs fed the CMC diet. Similarly, viscosity and fermentability
interacted (P<0-05) to affect the post-ileal digestibility of
DM and energy and was lower (P<0-05) for pigs fed the
CMC diet than those fed the other three fibre sources.

Post-ileal digestibility of ash as percentage of entering the
caecum was affected by both viscosity (P<0:05) and ferment-
ability (P<0-05). Viscosity and fermentability interacted
(P<0:05) to affect the post-ileal digestibility of DM and
energy and was lower (P<0-05) for pigs fed the CMC diet
than those fed the other three fibre sources (Table 5).

Apparent ileal amino acid digestibility

Viscosity and fermentability interacted (Table 6; P<0-01) to
change the AID of all indispensable and dispensable AA;
specifically, pigs fed the CMC diet had higher (P<0-05) AID
than those fed the other three fibre sources. Among the indis-
pensable AA, pigs fed the CMC diet had the highest (P<0-05)
AID of isoleucine, lysine, methionine, threonine and valine,
and pigs fed the CMC and LBG diets had the highest
(P<0:05) AID for arginine, leucine and phenylalanine. Pigs
fed the HBG diet had the lowest (P<0-05) AID of arginine,
histidine, lysine and methionine, and pigs fed the CEL and
HBG diets had the lowest (P<0-05) AID for isoleucine,
leucine, phenylalanine, threonine and valine.

Digesta SCFA

High-fermentable fibre sources reduced (Table 7; P<0-05)
digesta acetate by 33 % and tended to reduce (P<0-10) digesta
total SCFA by 32%. High-viscous non-starch polysaccharide
sources tended to reduce (P<0-10) propionate by 50%.
Pigs fed the CEL diet had a higher (P<<0-05) butyrate, iso-
butyrate and isovalerate than those fed the other three fibre
High-viscous fibre increased (P<0-05)
digesta L-lactate and total lactate.

sources. sources

Principal component analysis

The PC analysis of AID of DM, digesta total SCFA, digesta vis-
cosity and passage rate, and ADG is shown as a loading plot
(Fig. 1. The plot revealed two clusters: a first cluster including
digesta total SCFA, digesta passage rate and ADG that was
affected by PC 1, and the second cluster including AID of
DM and digesta viscosity that was affected by PC 2. Variables

Table 6. Apparent ileal digestibility of amino acids (AA) in pigs fed the experimental diets containing four fibre sources

(Mean values with their standard errors, n 8)

Low-fermentable

High-fermentable

P
Low-viscous High-viscous Low-viscous High-viscous
Items CEL CcMC LBG HBG SEM v F VxF
Indispensable AA (%)
Arg 78.6° 85.2% 80-8%° 67-0° 2.3 0-119 0-002 <0-001
His 90.72° 93.42 90-1° 87.0° 1.0 0-871 0-002 0-008
lle 80.2° 90.5% 85.5° 81.0° 1.7 0-059 0-157 <0-001
Leu 88.0°° 92.72 89.43P 84.9° 1.1 0-959 0-011 <0-001
Lys 87.2° 92.02 87-6° 83.6° 1-1 0-758 0-004 0-002
Met 95.0° 98.0% 94.9° 91.8° 0-6 0-927 <0-001 <0-001
Phe 88.7%P 92.52 89.2% 83.3° 1.3 0-440 0-004 0-002
Thr 74.35¢ 85-62 78-6° 71.3° 2.5 0-248 0-007 <0-001
Val 79.6°° 88.8° 83.1° 77.1° 1.6 0-259 0-008 <0-001
Dispensable AA (%)
Ala 71.5° 82.0° 75.3%P 63-0° 2.9 0-746 0-009 <0-001
Asp 77-3° 85.5° 77-0° 69-8° 2.3 0-813 <0-001 <0-001
Glu 85.4° 92.42 87-6° 86-1° 1.4 0-014 0-055 <0-001
Gly 50-4% 6052 52.52 37.5° 4.9 0-488 0-008 0-002
Ser 67.7° 86-6% 75-6° 71.9°¢ 3.2 0-002 0-125 <0-001
Tyr 92.22 93.92 91.32 85-4° 1.0 0-065 <0-001 0-002

CEL, low-fermentable, low-viscous cellulose; CMC, low-fermentable, high-viscous carboxymethylcellulose; HBG, high-fermentable, high-viscous
oat B-glucan; LBG, high-fermentable, low-viscous oat B-glucan; V, viscosity; F, fermentability; ATTD, apparent total tract digestibility.
ab.cMean values within a row with unlike superscript letters were significantly different (P<0-05).
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Table 7. Digesta SCFA concentrations and molar ratio in pigs fed the experimental diets containing four fibre sources

(Mean values with their standard errors, n 8)

Low-fermentable

High-fermentable

P
Low-viscous High-viscous Low-viscous High-viscous
Items CEL CMC LBG HBG SEM v F VxF
Concentration (n.mol/g fresh matter)
Acetate 18.8 15.5 10-1 13.0 3.3 0-923 0-027 0-209
Propionate 2.8 1.3 2.4 1.4 05 0-061 0-352 0-299
Butyrate 1.8° 0-5° 0-7° 0-5° 0-3 0-024 0-096 0-080
Isobutyrate 0.22° 0.07° 0.01° 0.01° 0-05 0-064 0-002 0-050
Valerate 0-12 0-08 0-06 0-04 0.02 0-120 0-033 0.722
Isovalerate 0-412 0-14° 0-04° 0-04° 0.07 0-029 <0-001 0-029
Caproate 0-17 0-10 0-38 0-39 0-08 0-585 0-002 0-563
Total SCFA 261 17.8 13.8 16-1 4.7 0416 0-068 0-154
p-Lactate 0-19 2.47 1.06 3.01 1.08 0.057 0-506 0-875
L-Lactate 7-9 19.2 11.6 17.5 3.6 0-019 0-771 0-440
D + L-Lactate 81 21-6 12.7 20-5 4.3 0-021 0-697 0-514
Molar ratio (%)
Acetate 759 87-8 751 825 2.5 <0001 0-404 0-226
Propionate 139 7-6 16-6 9-3 19 <0-001 0-492 0-861
Butyrate 5.6 2.3 4.4 3.2 0-6 0-006 0-488 0-218

CEL, low-fermentable, low-viscous cellulose; CMC, low-fermentable, high-viscous carboxymethylcellulose; HBG, high-fermentable, high-viscous oat
B-glucan; LBG, high-fermentable, low-viscous oat B-glucan; V, viscosity; F, fermentability.
ab.¢Mean values within a row with unlike superscript letters were significantly different (P<0-05).

within a cluster were positively correlated. The two clusters
were correlated negatively, because the angle between the
two clusters exceeded 90°. Thus, the AID of DM was related
positively to ileal digesta viscosity, whereas digesta total
SCFA were related positively to digesta passage rate.

Relationship between fermentability and viscosity with
nutrient digestibility

Post-ileal DM digestibility was related strongly, inversely
and curvilinearly (R? 0-85, 0-72, 0-73, respectively; Fig. 2;
P<0-001) to the AID of energy, crude protein and ash.
Instead, digesta viscosity was not related strongly (R* 0-45,
0-36, 0-36, respectively; Fig. 3; P<0-001) to the AID of
energy, crude protein and ash.

Discussion

The effects of dietary fibre on nutrient digestibility are well
known; however, a dearth of studies explains the role of the
two functional properties of fibre, i.e. viscosity and ferment-
ability, and their interactions on nutrient digestibility. Viscosity
as related to dietary fibre refers to the ability to thicken or
form gels when mixed with fluids resulting from physical
entanglements among the fibre within the fluid®. Increased
digesta viscosity after feeding soluble fibre such as guar
gum, rye and pectin decreased nutrient digestibility in
pigs'™”. In contrast, very-high-viscous carboxymethylcellu-
lose improved crude protein digestibility in weaned pigs®".
The fibre is not digested by porcine enzymes but is instead fer-
mented by the microbial community in the distal small and
large intestine. The amount of viscosity may have an impact
on the amount of fermentation, because non-viscous fibre
may increase digesta passage rate and reduce small-intestinal
digestibility, and thus partly shifts enzymatic digestion to

microbial fermentation'®. Similarly, an interaction of viscosity
and fermentability affected most of the variables related to
digestion and digesta characteristics.

The present study was designed to study the effects of
functional properties of dietary fibre using semi-purified
diets supplemented with concentrated fibre sources. The
selected fibre sources were glucose polymers with B-linkages,
and their functional properties were assessed using in vitro
viscosity and gas production measurements. However, we
acknowledge that factors other than these two properties,
e.g. differences in chemical structure,
extracted (oat B-glucan and cellulose) v. chemically modified

use of naturally
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Fig. 1. Loading plot of principal component (PC) analysis showing corre-
lations among apparent ileal digestibility (AID) of DM, total SCFA, digesta
viscosity and digesta passage rate, and average daily gain (ADG) of the first
two eigenvalues (PC 1 and PC 2).
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Fig. 2. Relationship between post-ileal DM digestibility and (a) apparent ileal
digestibility (AID) of (a) ash (R? 073, P<0-001), (b) crude protein (CP, R?
0-72, P<0-001) and (c) energy (R? 0-85, P<0-001) of pigs fed the exper-
imental diets containing either 5% cellulose (M), carboxymethylcellulose (O),
low-viscous oat B-glucan (A) or high-viscous oat B-glucan (A).

cellulose sources such as CMC, might have contributed to the
physiological effects observed in the present study®?.

In the present study, the interaction of viscosity and
fermentability affected ADG and digesta characteristics. The
ADG was lowest for pigs fed the CMC diet compared with
pigs fed the other three fibre diets. The watery digesta and
faeces for pigs fed the CMC diet indicated less water retention
and the onset of diarrhoea, similar to the observation with
weaned pigs fed a CMC diet or pearled barley®~%> and
the watery digesta was related to high digesta viscosity.
The high digesta viscosity by inclusion of CMC in diets

.doi.org/10.1017/S0007114511000985

slows digesta passage rate and thereby creates a favourable
environment for the proliferation of microbial pathogens(%).
Indeed, in the present study, pigs fed the CMC diet had an
increased prevalence of Escherichia coli virulence factors in
digesta®®”. In this context, CMC may bind with the intestinal
mucus layer and change its composition to facilitate the bind-
ing of E. coli to the intestinal mucus“®. Inclusion of CMC in
broiler chick diets reduced Na and water retention that
could further explain the diarrhoea caused by CMC“”.
Thus, the present study indicated a strong association between
digesta viscosity and reduced body-weight gain.
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Fig. 3. Relationship between digesta viscosity of pigs with (a) apparent ileal
digestibility (AID) of (a) ash (R? 0-36, P=0-005), (b) crude protein (CP, R?
0-36, P=0-004) and (c) energy (R? 0-45, P<0-001) of pigs fed the exper-
imental diets containing either 5% cellulose (W), carboxymethylcellulose (OJ),
low-viscous oat B-glucan (A) or high-viscous oat B-glucan (A).
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Viscosity and fermentability of fibre interacted to modify
digesta viscosity. Dietary CMC caused high digesta viscosity
B9 and poultry®?, which was related to the high
solubility of CMC®”. The high in vivo viscosity matched per-
fectly with the high in vitro viscosity, and thus appeared to
confirm the paradigm that a high-viscosity diet results in
high digesta viscosity'®. Indeed, pigs fed the HBG diet with
high in vitro viscosity also had high digesta viscosity, similar
to that observed in studies with rats®®. However, in spite of
low in vitro diet viscosity, pigs fed the LBG diet had the
same digesta viscosity as pigs fed the HBG diet. The high
in vivo viscosity for the LBG diet might be due to linkages
of starch fragments to B-glucan® or different patterns of
degradation between B-glucan sources in the small intes-
tine®®. The exact location and mechanism in the gastrointes-
tinal tract for the equalisation of digesta viscosity between
LBG and HBG requires further analysis but points to in vitro
viscosity not being entirely dependable to predict in vivo
viscosity.

Changes in the physical properties of digesta, i.e. viscosity,
affected digesta passage rate and thereby nutrient digestibil-
ity Specifically, high-viscous CMC reduced digesta passage
rate similar to pigs fed soluble fibre that increased digesta
viscosity and decreased digesta passage rate>. When pigs
were fed diets containing CMC, increased digesta viscosity
can reduce passage rate by reducing the gastric emptying
rate®®. Effects of soluble or insoluble fibre on digesta passage
rate are not consistent among studies. For example, soluble
fibre did not alter digesta passage rate in pigs(56'57)
observed in the present study, where digesta viscosity of
pigs fed diets containing HBG and LBG was not high
enough to reduce the digesta passage rate that thus remained
comparable with pigs fed the low-viscous CEL diet. Dietary
fibre may increase the peristaltic action of the intestine®®® or
increase the digesta bulk®® that might compensate the effects
of digesta viscosity on digesta passage rate. In the present
study, PC analysis indicated that reduced digesta passage
rate was positively correlated with nutrient digestibility,
thereby confirming the paradigm that slow digesta passage
rate leads to more time for enzymatic digestion, thereby
improving  digestibility®”.  This proposed mechanism
increased AID of crude protein and AA in pigs fed high-
viscous CMC. In contrast to pigs fed the CMC diet, pigs fed
the CEL diet as an insoluble fibre had a higher digesta passage
rate and a lower mean retention time in the ileum™®. Thus,
the CEL diet decreased the contact time between digestive
enzymes and substrates, thereby explaining the lower DM
and crude protein digestibility in pigs fed the CEL diet”. In
pigs fed the HBG and LBG diets, the higher digesta passage
rate probably caused lower AID of crude protein and energy
compared with pigs fed the CMC diet. Moreover, high digesta
viscosity may increase endogenous N secretion that may also
contribute to a reduced AID of crude protein as observed for
pigs fed the HBG diet®. Finally, digesta viscosity might have

caused changes in gut motility and mixing of digesta and thus
@4

in swine

as

lower nutrient digestibility
The results for ash digestibility were unique in the present
study. The ATTD of ash was negative after feeding the fibre

sources except for CMC, similar to recent findings in sows”.

The negative digestibility could be due to endogenous
secretion of minerals“” or due to increased mineral require-
ments for microbial activity®’. The positive ATTD of ash
values with high-viscous CMC could be due to the decreased
digesta passage rate, which in turn increased digestion and
absorption in the small intestine™®. In contrast, the HBG
and LBG diets increased fermentation,
microbial mass and more secretion of minerals for microbial
requirements™". Finally, CEL as an insoluble dietary fibre
may damage the mucosa by mechanical abrasion and thus
inhibit transcellular carrier-mediated mineral absorption“®.

Feeding fibre to pigs is a strategy to shift the excretion of N
“D Dietary fermentable fibre increases
intestinal microbial populations that require N for their protein
synthesis, and thereby reduces N absorption by the pig or
stimulates a N flux from the pig into its intestine, thus effec-
“> In the
present study, fermentable fibre caused a trend to increase
the ratio of faecal:urinary N, indicating a shift of N from
urine to faeces, similar to that observed in previous studies*®,
but with a major contribution of CMC to reduce faecal N loss.
However, fermentable fibre did not cause a shift as strong in
the present study, because highly digestible protein ingredi-
ents were fed and the supply of AA matched their require-
ments well so that less excess N was available to be shifted
to N excretion in the faeces.

The presence of SCFA in digesta indicated that the intestinal
microflora did start fermentation of purified fibre sources by
the end of the ileum, similar to that observed in studies with
grower pigs*”’ . The fermentation of these sources
continued in the large intestine™”. Post-ileal DM digestibility,
an indicator of fermentation™® | did not differ among pigs fed
the CEL, LBG and HBG diets. The inverse relationship
between post-ileal DM digestibility and AID of energy
indicated that the DM not digested in the small intestine was
fermented in the large intestine. The lower digesta passage
rate in pigs fed the CMC diet reduced the flow of DM into
the large intestine for fermentation. The PC analysis confirmed
this proposed mechanism, because digesta SCFA were posi-
tively correlated with digesta passage rate and negatively
with nutrient digestibility. Interestingly, the interaction of
viscosity and fermentability affected digesta butyrate, which
was higher in the digesta of pigs fed diets containing CEL.
Higher digesta butyrate may be beneficial for the intestinal
health, because butyrate is the preferred source of energy
for colonocytes and prevents colon cancer™. Furthermore,
increased digesta lactate in pigs fed the CMC and HBG diets
supported that intestinal absorption and bacterial utilisation

©9 can be markedly impaired by higher digesta
@2

and thus more

from urine to faeces

tively reducing the excretion of excess N in urine

and sows

of lactate
viscosity in the upper gastrointestinal tract

In conclusion, pigs fed a high-viscous CMC diet had the
highest AID of nutrients, by slowing down the rate of digesta
passage. In contrast, faster digesta passage reduced the AID of
nutrients in pigs fed the CEL diet compared with pigs fed
the CMC diet, thereby increased nutrient flow into the large
intestine so that part of the nutrients that would normally be
digested were instead fermented. Thus, negative effects of
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dietary fibre on digesta characteristics and nutrient digestibility
are affected by interactions of viscosity and fermentability via
digesta viscosity and digesta passage rate.
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