
Animal (2012), 6:4, pp 603–611 & The Animal Consortium 2011
doi:10.1017/S1751731111001844

animal

Feed ingredients differing in fermentable fibre and indigestible
protein content affect fermentation metabolites and faecal
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To study the fermentation characteristics of different non-conventional dietary fibre (DF) sources with varying levels of indigestible
CP content and their effects on the production of fermentation metabolites and on faecal nitrogen (N) excretion, an experiment
was conducted with 40 growing pigs (initial BW 23 kg) using wheat bran (WB), pea hulls (PH), pea inner fibres (PIF), sugar beet
pulp (SBP) or corn distillers dried grains with solubles (DDGS). The diets also contained soya protein isolate, pea starch and sucrose,
and were supplemented with vitamin–mineral premix. Faecal samples were collected for 3 consecutive days from day 10, fed with
added indigestible marker (chromic oxide) for 3 days from day 13 and pigs were slaughtered on day 16 from the beginning of the
experiment. Digesta from the ileum and colon were collected and analysed for short-chain fatty acids (SCFA) and ammonia (NH3)
content. The apparent total tract N digestibility was the lowest (P , 0.001) in diets based on DDGS (74%), medium in diets with
WB and SBP (76% each) and highest in those with PIF and PH (79% and 81%, respectively). Expressed per kg fermented non-starch
polysaccharides (NSP), faecal N excretion was higher with DDGS and WB diets (130 and 113 g/kg NSP fermented, respectively) and
lower with PIF, PH and SBP diets (42, 52 and 55 g/kg NSP fermented, respectively). The PH-based diets had the highest (P , 0.05)
SCFA concentrations, both in the ileum and the colon (27 and 122 mMol/kg digesta, respectively). The highest NH3 concentration
was also found in the colon of pigs fed with PH (132 mMol/kg digesta). Loading plot of principle component analysis revealed
that the CP : NSP ratio was positively related with faecal N excretion and NH3 concentration in colon contents, whereas negatively
related with SCFA concentration in colon contents. In conclusion, pea fibres and SBP increased SCFA and reduced NH3 concentration
in the pig’s intestine and reduced faecal N excretion, which makes pea fibres and SBP an interesting ingredient to use in pig diet to
improve the positive effect of DF fermentation on the gastrointestinal tract and reduce faecal N excretion.
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Implications

Findings of this experiment support the fact that inclusion
of dietary fibre (DF) in pig diets may enhance short-chain
fatty acids and reduce ammonia production in the pig intes-
tine, thereby reducing faecal nitrogen (N) excretion from pig.
However, the common DF sources are rich in indigestible
protein levels, which may counteract these benefits. Pea fibres
and sugar beat pulp could be considered for incorporation
in pig diet, in order to reduce faecal N excretion and improve
the positive benefits of fermentation onto the gastrointestinal
tract of pigs, compared with other feed ingredients such as
wheat bran and distillers dried grains with solubles.

Introduction

Fermentation of both dietary fibre (DF) and protein in the pig
intestine is a matter of interest for pig nutritionists, because
of their possible beneficial or harmful effect on gut health
and the environment. Fermentable DF constitutes a source of
energy for the pig, after its fermentation and transformation
into short-chain fatty acids (SCFA; Houdijk et al., 2002; Awati
et al., 2006). However, fermentation shifts from saccharolytic
to proteolytic when there is depletion of fermentable carbo-
hydrate substrate (Piva et al., 1996), producing harmful
metabolites such as ammonia (NH3) and amines (Cone et al.,
2005). DF fermentation can also lead to a decrease in NH3

concentration in the gut, as the nitrogen (N) is converted into
the bacterial proteins (Le et al., 2005; Awati et al., 2006).- E-mail: pascal.leterme@usask.ca
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DF negatively affects the digestibility of nutrients and
energy (Bach Knudsen, 2001). However, inclusion of fermen-
table DF (Awati et al., 2006) and reduction of protein (Htoo
et al., 2007) in weanling diets reduces protein fermentation
along the gastrointestinal tract. Moreover, the presence of
fermentable DF in the diet can also reduce the emission of
gaseous nitrogenous compounds by shifting N excretion from
urine to faeces (Canh et al., 1997; Zervas and Zijlstra, 2002;
Bindelle et al., 2009), thus reducing the NH3 emission from
piggery (Mroz et al., 2000; Nahm, 2003). O’Connell et al.
(2006) found increased urinary N and decreased faecal N
when pigs were fed with barley-based fibre-rich diet, with
significant interaction between protein levels, fibre source and
enzyme supplementation on NH3 emission.

These benefits outweigh the limitations of DF to be used
in pig diets. However, most of these beneficial effects have
been observed with isolated fibres. A finding from a recent
study (Jha et al., 2010) suggests that the fermentation
characteristics of DF depend on how they are present in the
diet: in the isolated form or embedded as an integrated part
of grain matrix. Moreover, adding DF just for its fermentative
properties is an economical nonsense. A more pragmatic
approach would involve using feed ingredients that present
desirable benefits of DF on gut environments of pig. By
choosing barley varieties according to the properties of their
fibre fraction, it is, for example, possible to enhance SCFA
and reduce NH3 production in the pig intestines (Jha et al.,
2010 and 2011a), which in turn supports the growth of
beneficial bacteria such as Lactobacilli (Pieper et al., 2008).

Many feed ingredients with highly fermentable DF are also
rich in indigestible CP (iCP, dietary CP entering the large
intestine from the ileum), which can minimize the positive
effects of fermented DF. Some studies (O’Connell et al., 2005
and 2006) have revealed the effects of protein and fibre
content on N digestion and excretion in pigs. However, there
is limited information available on the possible interactions
between DF and CP of non-conventional feed ingredients,
especially when it resided in its natural matrix on fermen-
tation metabolites concentration in the pig intestine and
faecal N excretion.

The main objective of the study was to evaluate different
non-conventional DF sources, with a varying level of iCP for
their fermentation metabolites production in the pig intestine,
and their consequences on faecal N excretion. The study
hypothesized that feed ingredients differing in their type
and amount of fermentable fibre and iCP content affect the
fermentation metabolites profile in the pig’s gastrointestinal
tract, as well as faecal N excretion.

Material and methods

The animal experiment was performed in accordance with
the recommendations of the Canadian Council on Animal
Care (CCAC, 1993), as specified in the Guide to the Care
and Use of Experimental Animals and the standard animal
care protocol (No. 970019) approved by the University of
Saskatchewan Committee on Animal Care and Supply.

Animals and housing
The experiment was conducted at the Prairie Swine
Centre Inc. (Saskatoon, SK, Canada). A total of 40 piglets
(Camborough Plus females 3 C337 sires, PIC Canada Ltd,
Winnipeg, Canada, both males and females) were used in a
completely randomized design where one pig was the
experimental unit. The pigs were weaned at 21 days of age
and reared for 3 weeks with their littermates in nursery
rooms and were fed with a normal nursery diet used at the
Prairie Swine Centre. At 6 weeks of age (average BW
22.6 6 1.84 kg), the pigs were moved to individual pens
(1.2 3 0.6 m, slatted concrete floor), with free access to
water, and randomly allocated to 1 of the 5 experimental
diets with eight piglets per diet. Standard rearing conditions
(248C temperature, ,40% humidity and 12 to 12 h light/dark
lighting programme) were maintained during the whole
experimental period. No antibiotics, neither for prophylactic
nor for therapeutic purpose, were administered to the animals
during the study.

Experimental diets
Five diets differing in soluble fibre and iCP content were
formulated using different non-conventional ingredients:
wheat bran (WB), pea hulls (PH), pea inner fibres (PIF),
sugar beet pulp (SBP) and corn distillers dried grains with
solubles (DDGS). The diets were semi-synthetic in nature,
and balanced with soya protein isolates, pea starch, sucrose
(sugar) and vitamin and mineral premixes in order to make
sure that nutrient and energy requirements (National Research
Council (NRC), 1998) would be met and that no adverse
effect of the differences in energy or protein level between
the diets would occur.

The analysed chemical composition of ingredients and diets
used in the experiment is presented in Tables 1 and 2,
respectively. Celite�R (Celite 545, Celite Corporation, Lompoc,
CA, USA) was incorporated into the diet (6 g/kg dry matter;
DM) as a source of acid-insoluble ash (AIA), as an indigestible
marker to measure the apparent total tract digestibility (ATTD).
Chromic oxide (Cr2O3) was used as a marker to measure the
apparent ileal digestibility (AID) because Cr2O3 is a preferred
marker at the ileum level than AIA (Van Leeuwen et al., 1996;
Jha et al., 2010). The Cr2O3 was added to the diet (3 g/kg DM)
directly before feeding from day 13 of the start of the experi-
ment for 3 consecutive days. The diet was offered in mash form
(110 g/kg BW0.75 per day) for 60 min twice daily (0800 and
1600 h) for 15 days, and residuals were collected subsequently
and stored at 2208C until analysis.

Slaughtering and sample collection
After an adaptation period of 9 days to the experimental
diet, the faeces were collected for 3 days (days 10 to 12) and
stored at 2208C for further analysis. On day 16, pigs were
fed at 15 min intervals and were sacrificed by captive bolt
and exsanguination 4 h after the meal in the order of feeding
with the same time interval. One pig from each treatment
(diets 1 to 5) was fed and sacrificed, followed by the
other set of pigs from all five treatments in the same order.
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This procedure was conducted so that there would be similar
fill in the stomach and small intestine in order to provide
approximately equal amounts of nutrients for bacterial
fermentation in the small intestine. After sacrifice of the
animals, the abdomen was opened and the complete
gastrointestinal tract was removed. Digesta samples from the
ileum (last 1/4th of the small intestine) and colon (medial
20 cm) were collected and subsequently homogenized on ice.
The pH-value of the ileal and colonic contents was measured
immediately after sample collection by means of a digital
pH-meter (SymPHony, VWR, PA, USA). Aliquots of digesta
were taken for subsequent analyses of SCFA, total N and NH3

and stored in Eppendorf tubes at 2808C. The residual digesta
were frozen in sealed plastic containers for subsequent
analysis of nutrients, AIA and Cr2O3.

Proximate nutrients
All ingredients, diets and freeze-dried ileal and faecal samples
were ground in a laboratory mill (Retsch Mill ZM1, Newton,
PA, USA) to pass through 1-mm-mesh screen. The chemical
analysis was performed according to the Association of
Official Analytical Chemists (AOAC, 2007) standard proce-
dures with specific methods as follows: DM (AOAC 930.15
using drying oven, Fisher Scientific, Ottawa, ON, Canada),
N (AOAC 968.06 using an elemental analyzer LECO FP528,
St Joseph MI, USA; CP 5 N 3 6.25), ether extract (AOAC
920.39 using a Soxhlet apparatus (Labconco Corporation,
Kansas City, MO, USA) and petroleum ether), ash (AOAC
942.05), ADF (AOAC 973.18), NDF (AOAC 2002.04), total,
insoluble and soluble DF (TDF, iTDF and sTDF, respectively;
AOAC 985.29), lignin (AOAC 973.18) and gross energy (PARR
1281 calorimeter, Moline, IL, USA).

Carbohydrate composition
For total starch and non-starch polysaccharides (NSP) analysis,
all the diets and freeze-dried ileal and faecal samples were
ground to pass through a 0.5-mm-mesh screen in a laboratory
mill (Retsch Mill). The Commercial test kit (Megazyme Inter-
national Ltd, Bray, Co. Wicklow, Ireland) was used to determine
the total starch (AOAC 996.11). NSP were analysed by gas
chromatography (GC) using the method described by Theander
et al. (1995; AOAC 994.13 method). Chromatographic analysis
was conducted using a GC system (Agilent 6890 system,

Agilent Technologies Inc., Waldbron, Germany) equipped with
a flame ionization detector and a fused-silica capillary column
(DB-17 HT, Agilent Technologies, Wilmington, DE, USA), using
2-Deoxy-D-Glucose as the internal standard.

Fermentation metabolites in intestinal contents
The SCFA of the ileal and colonic contents was analysed by GC
(Agilent 6890 system, Agilent Technologies Inc.) fitted with a
flame ionization detector and a fused-silica capillary column
(ZB-FFAP, Phenomenex, Torrance, CA, USA), using trimethyl
acetic acid as the internal standard. Before injection, the
sample was acidified by adding 25% metaphosphoric acid
to make pH ,2.2. The following column conditions were
used: initial temperature, 1008C; initial hold time, 1 min; and
final temperature, 2008C with gradient, 88C/min; carrier gas,
helium (flow rate, 1.9 ml/min). To obtain the final SCFA
concentrations in the sample, GC readings were corrected
for dilutions made during sample preparation. SCFA were
calculated as the sum of acetic acid (ACE), propionic acid
(PRO), butyric acid (BUT), and iso-butyric and iso-valeric acids.
Branched-chain fatty acids (BCFA) were estimated as the sum
of iso-butyric and iso-valeric acids.

NH3 concentration was determined according to Novozamsky
et al. (1974), with slight modifications. Briefly, NH3 was
oxidized by sodium hypochloride in the presence of sodium
nitroprusside, which forms a blue colour complex, and was
measured at 600 nm using a spectrophotometer (Pharmacia
LKB-Ultraspec III; Amersham, Freiburg, Germany).

Nutrient digestibility
The nutrients (DM and N) of the ileal and faecal contents of
each piglet were analysed as described above. For determi-
nation of the ileal and faecal NSP content, two samples of
the same treatment – but from consecutive replicates – were
pooled, resulting in four samples per treatment. They were
analysed using the methods described above. Dietary and
faecal samples were analysed for their AIA content by
gravimetry, after treatment with 3N HCl (AOAC 971.33),
whereas the Cr2O3 content in the diets and ileal samples was
determined by colorimetry after nitro-perchloric hydrolysis,
as described by Furukawa and Tsukahara (1966). The
digestibility values were used to calculate the amount of NSP
fermented in the large intestine and faecal N excretion.

Table 1 Chemical composition of the ingredients (g/kg DM)

Diet no. Ingredient DM (g/kg) Ash CP EE NDF ADF TDF NSP CP : NSP Starch

1 WB 884 62 221 57 382 125 401 259 0.85 186
2 PH1 922 32 176 14 400 350 524 342 0.51 184
3 PIF2 890 16 48 3 213 134 449 302 0.16 540
4 SBP 913 117 97 5 425 271 563 349 0.28 na3

5 Corn DDGS 883 56 271 134 366 177 365 226 1.20 59

DM 5 dry matter; EE 5 ether extract; TDF 5 total dietary fibre; NSP 5 non-starch polysaccharides; WB 5 wheat bran; PH 5 pea hulls; PIF 5 pea inner fibre;
SBP 5 sugar beat pulp; DDGS 5 distillers dried grains with solubles.
1Exlite�R – pea hulls (Parrheim Foods, Saskatoon, SK, Canada).
2Swelite�R – pea inner fibre (Cosucra-Groupe, Rue de la Sucrerie; B-7740 Warcoing, Belgium).
3Not analysed.
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Calculations and statistical analyses
The AID and ATTD of the different nutrients were calculated
for each pig based on the ratio of the AIA and Cr2O3 content
in the diet and ileal digesta/faeces using the equation:

AID or ATTD ð%Þ¼ f1� ½ðMd=MfÞ=ðNd=NfÞ�g � 100 ð1Þ

where Md and Mf are the concentrations of the marker
(Cr2O3 or AIA) in the diets and ileal digesta or faeces,
respectively, and Nd and Nf are the concentrations of the
nutrient determined in the diets and ileal digesta or faeces,
respectively.

The amount of NSP fermented in the large intestine was
calculated by the difference between ATTD and AID of NSP.
The iCP was calculated using the reference digestibility value
of 15N soya protein isolate (Mariotti et al., 1999).

Data were analysed using the Mixed model procedure of
SAS (SAS Institute, 2003) using diet as the main effect, with
the following statistical model:

Y ¼ mþ aiþ �ij ð2Þ

where Y is the parameter to be tested, m the overall mean,
ai the effect of diets and eij the experimental error. Means
were separated using the Tukey method. An a level of 0.05
was used to assess significant differences among means.

Finally, to explain the interrelationships among multiple
nutritional properties of diets and digestibility, fermentation
characteristics and faecal N excretion, a principle component
analysis (PCA) was conducted using the JMP�R software
(SAS Institute, 2009).

Results

Pig performance, nutrient digestibility and N excretion
All piglets remained healthy throughout the experiment.
There was no difference (P . 0.05) in feed intake (average
1106 6 42.6 g/day) between treatments, whereas the high-
est average daily gain was observed for the diets based on
PH (568 g/day), followed by PIF, SBP and WB (520, 500 and
425 g/day, respectively) and lowest with DDGS (378 g/day),
with s.e.m. 37.2 g/day (P , 0.05).

The AID and ATTD of DM, N and NSP of the experimental
diets, amount of NSP fermented in large intestine and faecal N
excretion in pigs are shown in Table 3. There was no differ-
ence (P . 0.05) in the AID of DM or N between treatments.
However, differences in the ATTD were found (P , 0.001)
both for DM and N. There was a difference in both AID and
ATTD of NSP among diets (P , 0.05). The ATTD of DM was
highest (P , 0.01) for PH, PIF and SBP and was lowest for the
WB and DDGS-based diets, with a similar pattern for the ATTD
of NSP and the amount of NSP fermented in the large intes-
tine. However, the trend was different for the ATTD of N with
no difference between diets, except for DDGS, which had the
lowest ATTD (P 5 0.005). Moreover, a greater DM/N ATTD
ratio was found with PH, PIF and SBP diets (1.10, 1.12 and
1.14, respectively), compared with DDGS and WB (1.05 and
1.03, respectively).

There was a difference in the ileal flow of NSP; PIH had
the highest and DDGS the lowest amount of NSP available
for fermentation in the large intestine (P , 0.001). This in
turn influenced the N excretion. Pigs fed pea fibres and SBP
had higher total faecal N content (P , 0.001), which was
almost double that of pigs fed DDGS and WB (Table 3).

Table 2 Composition and analysis of the experimental diets (g/kg DM)

Item WB PH PIF SBP DDGS

Composition
WB 374 – – – –
PH – 183 – – –
PIF – – 333 – –
SBP – – – 267 –
Corn DDGS – – – – 412
Pea starch1 368 470 321 459 382
Canola oil 60 50 50 0 50
SoyComil�R K2 97 194 193 180 56
Sucrose3 50 50 50 50 50
Mineral premix4 5 5 5 5 5
Vitamin premix5 5 5 5 5 5
Sodium chloride 5 5 5 5 5
Dicalcium phosphate 22 24 24 20 22
Limestone 5 5 5 0 4
Celite6 5 5 5 5 5
Lysine HCl 2 2 2 2 2
DL-methionine 2 2 2 2 2
L-tryptophan – 0.2 0.2 0.1 0.2

Analysis
DM (g/kg) 919 925 916 919 922
Ash 71 63 59 70 65
CP 183 208 184 192 191
iCP 5.5 11.0 10.9 10.2 3.2
EE 80 52 52 4 104
NDF 170 131 142 184 218
ADF 85 102 85 94 113
TDF

Total 210 207 244 244 260
Insoluble 181 178 216 167 223
Soluble 29 30 28 77 38

Lignin 23 27 81 77 27
Total NSP 111 125 159 140 117
CP : NSP ratio 1.65 1.66 1.16 1.37 1.63
Starch 365 386 409 353 292
GE (Mcal/kg) 4.64 4.32 4.09 3.89 5.23

DM 5 dry matter; WB 5 wheat bran; PH 5 pea hulls; PIF 5 pea inner fibre;
SBP 5 sugar beat pulp; DDGS 5 distillers dried grains with solubles;
iCP 5 indigestible CP; EE 5 ether extract; TDF 5 total dietary fibre;
NSP 5 non-starch polysaccharides; GE 5 gross energy.
1Starlite�R – pea starch (Parrheim Foods, Saskatoon, SK, Canada).
2SoyComil�R K – ADM Speciality Ingredients (Europe) B.V., PO Box 2, 1540 AA
Koog aan de Zaan, The Netherlands; contains 63% CP with 91% ileal
digestibility (Mariotti et al., 1999).
3White Sugars – Rogers Sugar Ltd, Canada.
4Minerals premix – provided (per kg of diet); Zn, 100 mg as zinc sulfate; Fe,
80 mg as ferrous sulfate; Cu, 50 mg as copper sulfate; Mn 25 mg as manganous
sulfate; I, 0.50 mg as calcium iodate; Se, 0.10 mg as sodium selenite.
5Vitamins premix – provided (per kg of diet), vitamin A, 8250 IU; vitamin D3,
825 IU; vitamin E, 40 IU; niacin, 35 mg; D-pantothenic acid, 15 mg; 5 mg; menadione,
4 mg; folacin, 2 mg; thiamine, 1 mg; D-biotin, 0.2 mg; vitamin B12, 25 mg.
6Celite 545 – Celite Corporation, Lompoc CA, USA.

Jha and Leterme

606



In contrast, it was just the opposite when faecal N excretion
was expressed per kg NSP fermented. However, when faecal
N excretion was expressed per kg DM intake, DDGS ranked
on the top, followed by SBP, whereas pigs fed pea fibres and
WB had the lowest N excretion (P 5 0.022). Expressed per
kg N intake, faecal N excretion was highest (P , 0.05) in
DDGS, intermediate in WB and SBP and lowest in PH- and
PIF-based diets.

Fermentation metabolites and pH of intestinal contents
The results of pH measured and major fermentation end
products along with the proportions of the individual SCFA in
the ileal and colon contents are presented in Tables 4 and 5,
respectively. Lower ileal pH was observed with the WB diet,
medium with PH and SBP and higher with PIF and DDGS
(P 5 0.001). The pH-value of the colon contents was influ-
enced by the amount of NSP fermented in the large intestine;
PIF and SBP diets were found to have the lowest pH-value
(P . 0.05), PH and DDGS had a medium pH-value and those
fed WB-based diets had the highest pH-value. In all cases but
with the WB-based diets, the pH of the colon contents was
lower than that of the ileum contents.

As a result of the difference in fermentability, the diets had
an effect on the metabolites concentration in the intestine. In
ileal digesta, there was no difference (P . 0.05) in the total
SCFA concentration between diets; however, differences
were found (P , 0.05) in the individual components of SCFA.
Pigs fed DDGS diets had the highest and WB and PH the
lowest ACE proportion in ileal digesta (P 5 0.005). In con-
trast, the proportion of PRO was highest in WB and lowest in
DDGS-based diets (P 5 0.033). However, PH ranked top in
BUT concentration, with almost 80% higher than the lowest
BUT-containing DDGS-based diet (P 5 0.021). Unlike ileal
digesta, the difference in the SCFA concentration was found
in colon digesta, where the PH was not statistically different
from PIF and SBP, but had 23% higher (P , 0.05) SCFA
concentration than the WB. The trend for the individual SCFA
in colon contents was similar to ileal contents. The propor-
tion of ACE among the diets was in the range from 58%
to 64% of total SCFA, with the only difference (P 5 0.03)
between PH and WB. The proportion of PRO was highest in
PIF and lowest in WB-based diets with other treatments
intermediate. However, the proportion of BUT in the colonic
content of PH was 23% higher than the DGGS-fed pigs,
which had the lowest BUT concentration (P 5 0.004). There
was no effect (P . 0.05) of dietary treatments on the BCFA
concentration, either in the ileum or in the colon contents.
The NH3 concentration was highest (P , 0.05) in the digesta
of the pigs fed PH, both in the ileum and the colon, and
lowest in pigs fed PIF and SBP in the colon.

PCA
The PCA loading plot (Figure 1) indicates the relationship
between the nutritional characteristics of diets and digestibility
of nutrients, fermentation metabolite concentrations and
faecal N excretion. In the loading plot, the CP : NSP ratio
content in the diets and the NH3 concentration in colonTa
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contents were clustered closely together, opposite to the
NSP content of the diets and the SCFA concentration in the
colon contents. The CP : NSP ratio and NH3 in colon contents
were also correlated with the CP content of the diets. The
NDF, TDF, sTDF and iTDF contents of diets were correlated
with faecal N excretion, which was negatively correlated
with the ATTD of N.

Discussion

The main objective of this study was to evaluate the effect of
different DF sources with varying levels of iCP content on the
intestinal fermentation activity in growing pigs and their
effect on faecal N excretion. An in vitro experiment was
previously conducted with the same feed ingredients, which
provided information about the fermentation characteristics
and rate of bacterial protein synthesis in the pig intestine,
a basis for this in vivo study. The results of that study are
published elsewhere (Jha et al., 2011b). Previous studies
(Canh et al., 1997; Zervas and Zijlstra, 2002; Bindelle et al.,
2009) have shown that the inclusion of isolated DF in pig
diet shifts N from urine to faeces, which leads to reduced

N excretion in the environment. This study assumed that it
is also true when DFs are in their natural matrix as well. In
the PCA loading plot, variables located close together were
positively related, whereas variables located in an opposite
quadrant were negatively correlated. The PCA plot thus
provided clear indication that the nutrient contents and type,
especially the fibre and CP, are important to influence the
digestibility of nutrients, fermentation metabolites concentration
in the pig intestine and faecal N excretion.

Overall, the differences in digestibility and fermentation
activity can be explained by the differences in ingredient
composition, especially the type and amount of DF and the
level of iCP in the natural matrix of the ingredients. Lower
ATTD of DM for the ingredients rich in insoluble fibre such as
WB and DDGS is in agreement with several previous studies
(Bach Knudsen and Hansen, 1991; Kreuzer et al., 1991;
Hansen et al., 2006). This effect is ascribed to the higher
insoluble DF content of these diets, which negatively affects
the accessibility and action of the endogenous enzymes in
the upper gut and microbial fermentation in the lower gut
(Bach Knudsen, 2001), resulting in lower degradability. The
negative correlation between the CP : NSP ratio content and

Table 4 Fermentation metabolites in the ileal digesta (mMol/kg) of pigs fed diets differing in fibre and protein source

% of total SCFA

Diet pH NH3 ACE PRO BUT BCFA Total SCFA

WB 6.36b 6.5ab 88.3b 4.4a 7.3ab 0.03 23.0
PH 6.64ab 8.5a 89.7b 1.7ab 8.4a 0.03 26.9
PIF 7.10a 5.5b 92.3ab 1.9ab 5.7ab na# 16.6
SBP 6.57ab 6.5ab 90.1ab 2.0ab 7.7ab na# 24.3
Corn DDGS 7.08a 5.6b 93.9a 1.3b 4.7b na# 19.1
s.e.m. 0.14 0.61 1.01 0.72 0.83 0.020 3.22
P-value 0.001 0.010 0.005 0.033 0.021 0.566 0.193

SFCA 5 short-chain fatty acids; NH3 5 ammonia; ACE 5 acetic acid; PRO 5 propionic acid; BUT 5 butyric acid; BCFA 5 branched-chain fatty
acids (the sum of iso-butyric and iso-valeric acids); WB 5 wheat bran; PH 5 pea hulls; PIF 5 pea inner fibre; SBP 5 sugar beat pulp;
DDGS 5 distillers dried grains with solubles.
a,bMean values with different superscripts within column differ.
#Not available, concentration was below the detection limit.

Table 5 Fermentation metabolites in the colonic digesta (mMol/kg) of pigs fed diets differing in fibre and protein source

% of total SCFA

Diet pH NH3 ACE PRO BUT BCFA Total SCFA

WB 6.65a 99.5ab 63.6a 19.6b 12.4b 2.8 94.1c

PH 6.13ab 132.1a 57.8b 21.0ab 15.3a 2.6 121.6a

PIF 6.03b 68.1b 59.9ab 24.1a 11.9b 2.0 119.0ab

SBP 5.96b 73.3b 61.1ab 21.8ab 13.5ab 2.0 112.5abc

Corn DDGS 6.37ab 106.3ab 60.5ab 22.1ab 11.8b 2.8 100.0bc

s.e.m. 0.11 11.04 1.03 0.90 0.67 0.27 7.28
P-value ,0.001 0.001 0.031 0.020 0.004 0.108 0.046

SFCA 5 short-chain fatty acids; NH3 5 ammonia; ACE 5 acetic acid; PRO 5 propionic acid; BUT 5 butyric acid; BCFA 5 branched-chain fatty
acids (the sum of iso-butyric and iso-valeric acids); WB 5 wheat bran; PH 5 pea hulls; PIF 5 pea inner fibre; SBP 5 sugar beat pulp;
DDGS 5 distillers dried grains with solubles.
a,b,cMean values with different superscripts within column differ.
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the ATTD of N in the loading plot suggests that not only the
DF content but also the ratio of CP and DF influence protein
digestion. A similar interaction was reported by Lynch et al.
(2009) while studying the effect of different levels of CP and
lactose on N digestibility in pig. This is ascribed to the fact
that highly fermentable DF fractions, such as hemicellulose
and pectin, stimulate bacterial growth in the hindgut. This in
turn increases faecal N excretion in the form of bacterial
biomass and thus reduces apparent N digestibility (Kreuzer
et al., 1991; Hansen et al., 2006). However, this interaction
might not only be due to the effect of soluble NSP on the
digestive process, but also due to an increase in endogenous
N excretion (de Lange et al., 1989; Huisman et al., 1992;
Leterme et al., 2000). The endogenous N losses may increase
the N excretion, resulting in lower ATTD of protein.

Decreases in NH3 concentration in the colon digesta and
faecal N excretion with highly fermentable DF sources, as
observed in this study, are commonly interpreted as a result
of an increased incorporation of N into bacterial proteins
in the presence of fermentable DF (Jorgensen et al., 1996;
Van Nevel et al., 2006). The findings of this study suggest
that both DF and iCP play a role in N excretion, as discussed
above. However, high levels of fermentable DF in the diet do

not necessarily result in a reduced N excretion. Pea fibre
fractions, for example, have the highest rate of fermentation
in the large intestine of pigs (Jha et al., 2011b) but had lower
N excretions (expressed per kg N intake basis) than DDGS,
which is less fermented in the gut. On the contrary, DDGS
with higher contents of iCP had higher levels of N excretion.
It does not necessarily mean, though, that their DF was
highly fermented and that the bacterial biomass produced
would be responsible for high N excretion. It is certainly the
case for SBP, which is rich in highly fermentable pectin and
hemicellulose, and has low protein content. The DDGS are
not well fermented in the pig intestine, as evidenced by an
in vitro method (Jha et al., 2011b), but contain high levels of
iCP. The latter contributed to total N excretion. Our data also
confirm that the proteins of fibrous feedstuffs are usually not
well digested because they are embedded into the DF matrix,
which eliminates the advantage gained by the presence of
fermentable DF. Thus, the advantage of fermentable DF on
N excretion will depend on the overall composition of the feed
ingredients, especially the ratio of fermentable DF and iCP and
how it is incorporated in the matrix of the ingredients.

The concentrations of total SCFA, both in the ileum and
colon contents were influenced by the amount and type of
fibre in the diets, which is consistent with the study of Bach
Knudsen and Canibe (2000). The weak but positive correla-
tion between the NSP content of the diets and the SCFA
concentration in the colon contents suggests that not only
the level of NSP, but also the type of NSP fraction available
for microbiota affect SCFA production in the lower gut
(Glitsø et al., 1998). Moreover, pigs fed pea fibre-based diets
also had the lowest ACE proportion, both in the ileum and
colon digesta. The lower ACE is associated with the higher
proportion of BUT for PH. This is the most pronounced effect
of all and corresponds to previous findings in rats (Stark and
Madar, 1993), and resulting increased concentrations of BUT
in peripheral blood (Goodlad and Mathers, 1990).

In this study, the dietary influence on NH3 concentration in
the colon digesta indicates the differences in carbohydrate
and protein fermentation in the intestine. Proteins in excess
enhance the growth of N-utilizing bacteria (Reid and Hillman,
1999) that ferment the available protein, leading to increased
NH3 and amines concentration in the colon (Macfarlane et al.,
1992). NH3 is normally found in small amounts in a healthy
colon (Rasmussen et al., 1988). NH3 and amines are con-
sidered to be detrimental to gut health (Nollet et al., 1999;
Cone et al., 2005). These compounds at higher concentration
in the gut can negatively affect the development of the
intestinal mucosa (Visek, 1984), namely the villus height
(Nousiainen, 1991). The higher NH3 concentrations in the
colon contents were found with the feedstuffs having
the highest CP content (PH and DDGS). As evidenced in the
loading plot, the CP : NSP ratio in the diets and NH3 con-
centration in the colon digesta were positively correlated,
whereas NSP and NH3 concentration in the colon digesta
were negatively correlated. This is in line with the observa-
tions by Le et al. (2008) that both the NSP content and the
CP : NSP ratio in the diets affect the NH3 concentration in the
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line) in the intestine of pigs. In PCA, the length, direction and angle between
arrows indicates the correlation between variables or between variables
and principle component axes (e.g. a 5 08 and r 5 1; a 5 908 and r 5 0;
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NSP 5 non-starch polysaccharide; SCFA-Co 5 short-chain fatty acids in
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fermented); 2N excretion (g/g dietary N entering the large intestine);
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pig intestine. The result of this study is also supported by the
findings of O’Connell et al. (2006) that the excretion of N
and NH3 from pigs is influenced by the dietary protein level,
and the effect interacts with the fibre content in the diet.
A lower NH3 concentration obtained for the PIF diet indicates
a reduction in bacterial hydrolysis of nitrogenous compounds
in the presence of highly fermentable DF in the matrix. This
confirms previous observation by Houdijk et al. (1998) that
when the supply in fermentable carbohydrate is increased
an excess of indigestible protein is more likely to be incor-
porated into bacterial protein rather than being fermented
and used as a source of energy. Moreover, the amount of
NH3 in the colon also reflects the shift of N excretion path-
way from urine to faeces, although the results must be linked
with results of urinary N excretion before any conclusion can
be drawn.

In conclusion, the results of this study showed that PH-,
PIF- and SBP-based diets enhance bacterial fermentation and
SCFA production in the large intestine of pig and decrease
faecal N excretion. However, PH had higher NH3, both in the
ileal and colonic digesta. The results on SCFA and NH3 can be
attributed to both the source and level of DF and iCP content
in the diets. Moreover, the sources of DF and their iCP content
had a major effect on the accumulation of NH3 in the colon
and faecal N excretion. Thus, PH, PIF and SBP could be con-
sidered for incorporation in pig diets, in order to reduce faecal
N excretion and improve the positive response of fermenta-
tion onto the gastrointestinal tract of pigs, compared with
other feed ingredients studied. However, the contribution of
the iCP from these fibre sources has to be taken into account
while considering fibre fermentation.

Acknowledgements

National Pork Board (Project no. 06-117) and Alberta Barley
Commission (Project no. 60-192) are gratefully acknowledged
for funding this study. The continuing core support of the Prairie
Swine Centre received from Saskatchewan Pork, Manitoba
Pork Council, Alberta Pork and the Saskatchewan Agriculture
Development Fund is acknowledged. The authors thank
the technical staff of the Prairie Swine Centre Inc. and the
Department of Animal and Poultry Science at the University of
Saskatchewan for their help provided during this experiment,
especially Pam Kish for her help during laboratory analysis
works.

References
Association of Official Analytical Chemists (AOAC) 2007. Official methods of
analysis, 18th edition. AOAC, Arlington, VA, USA.

Awati A, Williams BA, Bosch MW, Gerrits WJJ and Verstegen MWA 2006. Effect
of inclusion of fermentable carbohydrates in the diet on fermentation end-
product profile in feces of weanling piglets. Journal of Animal Science 84,
2133–2140.

Bach Knudsen KE 2001. The nutritional significance of ‘‘dietary fibre’’ analysis.
Animal Feed Science and Technology 90, 3–20.

Bach Knudsen KE and Canibe N 2000. Breakdown of plant carbohydrates in the
digestive tract of pigs fed on wheat- or oat-based rolls. Journal of the Science of
Food and Agriculture 80, 1253–1261.

Bach Knudsen KE and Hansen I 1991. Gastrointestinal implications in pigs of
wheat and oat fractions 1. Digestibility and bulking properties of polysacchar-
ides and other major constituents. British Journal of Nutrition 65, 217–232.

Bindelle J, Buldgen A, Delacollette M, Wavreille J, Agneessens R, Destain JP and
Leterme P 2009. Influence of source and concentrations of dietary fiber on in
vivo nitrogen excretion pathways in pigs reflected by in vitro fermentation and
N incorporation by fecal bacteria. Journal of Animal Science 87, 583–593.

Canadian Council on Animal Care (CCAC) 1993. Guide to the care and use of
experimental animalsvol. 12nd edition. CCAC, Ottawa, ON, Canada.

Canh TT, Verstegen MWA, Aarnink AJA and Schrama JW 1997. Influence of
dietary factors on nitrogen partitioning and composition of urine and feces of
fattening pigs. Journal of Animal Science 75, 700–706.

Cone JW, Jongbloed AW, Gelder AHV and de Lange L 2005. Estimation of
protein fermentation in the large intestine of pigs using a gas production
technique. Animal Feed Science and Technology 123–124, 463–472.

de Lange CFM, Sauer WC, Mosenthin R and Souffrant WB 1989. The effect of
feeding different protein-free diets on the recovery and amino acid composition
of endogenous protein collected from the distal ileum and feces in pigs. Journal
of Animal Science 67, 746–754.

Furukawa A and Tsukahara H 1966. On the acid digestion method for the
determination of chromic oxide as an index substance in the study of digestibility
of fish fed. Bulletin of the Japanese Society of Scientific Fisheries 32, 502–506.

Glitsø LV, Brunsgaard G, Højsgaard S, Sandström B and Bach Knudsen KE 1998.
Intestinal degradation in pigs of rye dietary fibre with different structural
characteristics. British Journal of Nutrition 80, 457–468.

Goodlad JS and Mathers JC 1990. Large bowel fermentation in rats given diets
containing raw peas (Pisum sativum). British Journal of Nutrition 64, 569–587.

Hansen MJ, Chwalibog A, Tauson AH and Sawosz E 2006. Influence of different
fibre sources on digestibility and nitrogen and energy balances in growing pigs.
Archives of Animal Nutrition 60, 390–401.

Houdijk JGM, Bosch MW, Verstegen MWA and Berenpas HJ 1998. Effects of
dietary oligosaccharides on the growth performance and faecal characteristics
of young growing pigs. Animal Feed Science and Technology 71, 35–48.

Houdijk JGM, Verstegen MWA, Bosch MW and van Laere KJM 2002. Dietary
fructooligosaccharides and trans-galactooligosaccharides can affect fermenta-
tion characteristics in gut contents and portal plasma of growing pigs. Livestock
Production Science 73, 175–184.

Htoo JK, Araiza BA, Sauer WC, Rademacher M, Zhang Y, Cervantes M and Zijlstra RT
2007. Effect of dietary protein content on ileal amino acid digestibility, growth
performance, and formation of microbial metabolites in ileal and cecal digesta of
early-weaned pigs. Journal of Animal Science 85, 3303–3312.

Huisman J, Heinz T, van der Poel AFB, van Leeuwen P, Souffrant WB and
Verstegen MWA 1992. True protein digestibility and amounts of endogenous
protein measured with the 15N-dilution technique in piglets fed on peas (Pisum
sativum) and common beans (Phaseolus vulgaris). British Journal of Nutrition
68, 101–110.

Jha R, Rossnagel B, Pieper R, Van Kessel AG and Leterme P 2010. Barley and oat
cultivars with diverse carbohydrate composition alter ileal and total tract
nutrient digestibility and fermentation metabolites in weaned piglets. Animal 4,
724–731.

Jha R, Bindelle J, Rossnagel B, Van Kessel AG and Leterme P 2011a. In vitro
evaluation of the fermentation characteristics of the carbohydrate fractions of
hulless barley and other cereals in the gastrointestinal tract of pigs. Animal Feed
Science and Technology 163, 185–193.

Jha R, Bindelle J, Van Kessel AG and Leterme P 2011b. In vitro fibre fermentation
of feed ingredients with varying fermentable carbohydrate and protein levels
and protein synthesis by colonic bacteria isolated from pigs. Animal Feed
Science and Technology 165, 191–200.

Jorgensen H, Zhao XQ and Eggum BO 1996. The influence of dietary fibre and
environmental temperature on the development of the gastrointestinal tract,
digestibility, degree of fermentation in the hind-gut and energy metabolism in
pigs. British Journal of Nutrition 75, 365–378.

Kreuzer M, Heindl U, Roth-Maier DA and Kirchgessner M 1991. Cellulose
fermentation capacity of the hindgut and nitrogen turnover in the hindgut of
sows as evaluated by oral and intracecal supply of purified cellulose. Archives of
Animal Nutrition 41, 359–372.

Le PD, Aarnink AJA, Ogink NWM, Becker PM and Verstegen MWA 2005. Odour
from animal production facilities: its relationship to diet. Nutrition Research
Reviews 18, 3–30.

Jha and Leterme

610



Le PD, Aarnink AJA, Jongbloed AW, van der Peet-Schwering CMC, Ogink NWM
and Verstegen MWA 2008. Interactive effects of dietary crude protein and
fermentable carbohydrate levels on odour from pig manure. Livestock Science
114, 48–61.

Leterme P, Souffrant WB and Thewis A 2000. Effect of barley fibres and barley
intake on the ileal endogenous nitrogen losses in piglets. Journal of Cereal
Science 31, 229–239.

Lynch B, Callan JJ and O’Doherty JV 2009. The interaction between dietary
crude protein and fermentable carbohydrate source on piglet post weaning
performance, diet digestibility and selected faecal microbial populations and
volatile fatty acid concentration. Livestock Science 124, 93–100.

Macfarlane GT, Gibson GR, Beatty E and Cummings JH 1992. Estimation of
short-chain fatty acid production from protein by human intestinal bacteria
based on branched-chain fatty acid measurements. FEMS Microbiology Letters
101, 81–88.

Mariotti F, Mahe S, Benamouzig R, Luengo C, Dare S, Gaudichon C and Tome D
1999. Nutritional value of [15N]-soy protein isolate assessed from ileal
digestibility and postprandial protein utilization in humans. The Journal of
Nutrition 129, 1992–1997.

Mroz Z, Moeser AJ, Vreman K, van Diepen JT, van Kempen T, Canh TT and
Jongbloed AW 2000. Effects of dietary carbohydrates and buffering capacity on
nutrient digestibility and manure characteristics in finishing pigs. Journal of
Animal Science 78, 3096–3106.

Nahm KH 2003. Influences of fermentable carbohydrates on shifting nitrogen
excretion and reducing ammonia emission of pigs. Critical Reviews in
Environmental Science and Technology 30, 165–186.

National Research Council (NRC) 1998. Nutrient requirements of swine, 10th
edition. National Academy Press, Washington, DC, USA.

Nollet H, Deprez P, Van Driessche E and Muylle E 1999. Protection of just
weaned pigs against infection with F181 Escherichia coli by non-immune
plasma powder. Veterinary Microbiology 65, 37–45.

Nousiainen JT 1991. Comparative observations on selected probiotics and
olaquindox as feed additives for piglets around weaning. 2. Effect on villus
length and crypt depth in the jejunum, ileum, caecum and colon. Journal of
Animal Physiology and Animal Nutrition 66, 224–230.

Novozamsky I, van Eck R, van Schouwenburg JC and Walinga I 1974. Total
nitrogen determination in plant material by means of the indophenol blue
method. Netherlands Journal of Agricultural Science 22, 3–5.

O’Connell JM, Callan JJ and O’Doherty JV 2006. The effect of dietary crude
protein level, cereal type and exogenous enzyme supplementation on nutrient
digestibility, nitrogen excretion, faecal volatile fatty acid concentration and
ammonia emission from pigs. Animal Feed Science and Technology 127, 73–88.

O’Connell JM, Sweeney T, Callan JJ and O’Doherty JV 2005. The effect of cereal
type and exogenous enzyme supplementation in pig diets on nutrient
digestibility, intestinal microflora, volatile fatty acid concentration and manure
ammonia emission from finisher pigs. Animal Science 81, 357–364.

Pieper R, Jha R, Rossnagel B, Van Kessel AG, Souffrant WB and Leterme P 2008.
Effect of barley and oat cultivars with different carbohydrate compositions on
the intestinal bacterial communities in weaned piglets. FEMS Microbiology
Ecology 66, 556–566.

Piva A, Panciroli A, Meola E and Formigoni A 1996. Lactitol enhances short-chain
fatty acid and gas production by swine cecal microflora to a greater extent when
fermenting low rather than high fiber diets. The Journal of Nutrition 126, 280–289.

Rasmussen HS, Holtug K and Mortensen PB 1988. Degradation of amino acids
to short-chain fatty acids in humans: an in vitro study. Scandinavian Journal of
Gastroenterology 23, 178–182.

Reid CA and Hillman K 1999. The effects of retrogradation and amylose/
amylopectin ratio of starches on carbohydrate fermentation and microbial
populations in the porcine colon. Animal Science 68, 503–510.

SAS Institute 2003. SAS user’s guide: statistics, version 9.1. SAS Institute Inc.,
Cary, NC, USA.

SAS Institute 2009. JMP�R version 8, statistics and graphics guide, 2nd edition.
SAS Institute Inc., Cary, NC, USA.

Stark AH and Madar Z 1993. In vitro production of short-chain fatty acids by
bacterial fermentation of dietary fiber compared with effects of those fibers on
hepatic sterol synthesis in rats. The Journal of Nutrition 123, 2166–2173.

Theander O, Aman P, Westerlund E, Andersson R and Pettersson D 1995. Total
dietary fiber determined as neutral sugar residues, uronic acid residues, and
Klason lignin (the Uppsala method): collaborative study. Journal of the
Association of Official Analytical Chemists 78, 1030–1044.

Van Leeuwen P, Veldman A, Boisen S, Deuring K, Van Kempen GJM, Derksen GB,
Verstegen MWA and Schaafsma G 1996. Apparent ileal dry matter and crude
protein digestibility of rations fed to pigs and determined with the use of
chromic oxide (Cr2O3) and acid-insoluble ash as digestive markers. British
Journal of Nutrition 76, 551–562.

Van Nevel CJ, Dierick NA, Decuypere JA and De Smet SM 2006. In vitro
fermentability and physicochemical properties of fibre substrates and their
effect on bacteriological and morphological characteristics of the gastrointest-
inal tract of newly weaned piglets. Archives of Animal Nutrition 60, 477–500.

Visek WJ 1984. Ammonia: ts effects on biological systems, metabolic hormones,
and reproduction. Journal of Dairy Science 67, 481–498.

Zervas S and Zijlstra RT 2002. Effects of dietary protein and fermentable fiber on
nitrogen excretion patterns and plasma urea in grower pigs. Journal of Animal
Science 80, 3247–3256.

Fibre fermentation and nitrogen excretion in pigs

611


