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Abstract
This study characterised the in vitro ileal fermentability of different substrates in the growing pig, adopted as an animal model for the adult
human, and compared in vitro ileal and caecal fermentation in the pig. Substrates (arabinogalactan (AG), cellulose, fructo-oligosaccharide
(FOS), inulin, mucin, citrus pectin and resistant starch) were fermented in vitro (ileal 2 h and caecal 24 h) with an ileal or caecal inoculum
prepared from ileal or caecal digesta collected from growing pigs (n 5) fed a human-type diet for 15 d. The organic matter (OM) fermentability
and production of organic acids were determined. In general, there was considerable in vitro ileal fermentation of fibre, and the substrates
differed (P< 0·001) for both in vitro ileal and caecal OM fermentability and for organic acid production. Pectin had the greatest in vitro ileal
OM fermentability (26 %) followed by AG, FOS and resistant starch (15 % on average), and cellulose, inulin and mucin (3 % on average). The
fermentation of FOS, inulin andmucinwas greater for in vitro caecal fermentation comparedwith the ileal counterpart (P≤ 0·05). In general, the
organic acid production was higher for in vitro caecal fermentation (P≤ 0·05). For instance, the in vitro ileal acetic acid production represented
4–46 % of in vitro caecal production. Energy from fibre fermentation of 0·6–11 kJ/g substrate fermented could be expected in the ileumof the pig.
In conclusion, substrates are fermented in both the ileum and caecum. The degree of fermentation varies among substrates, especially for in vitro
ileal fermentation.
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It is commonly held that dietary fibre fermentation in monogas-
tric animals, including humans, occurs mainly in the large intes-
tine with little fermentation occurring in the foregut (stomach
and small intestine). This, however, may not be the case(1–6).
A combined in vivo/in vitro ileal fermentation assay has been
developed using the growing pig as an animal model for the
adult human(6). The assay is based on collecting ileal digesta
as this part of the small intestine has a high population of
microbes and is associated with a longer digesta retention time
when compared with other foregut regions. In the assay, ileal
digesta are collected for the preparation of an inoculum, which
is used to ferment in vitro the substrate collected from the lower
jejunum. The combined in vivo/in vitro fermentation assay has
been applied to estimate the amount of organic matter (OM) fer-
mented for a human-type diet in the ileum and caecum(7). There
appears to be considerable ileal fermentation for a typical human
diet in the growing pig, with ileal-fermented OM potentially
being 1·5-fold greater than caecal-fermented OM. This work
underlines the possible importance of ileal fermentation in the

pig, but little is known about the ileal fermentation of different
types of fibre substrates.

Dietary fibres have different monomeric units with specific
links (e.g. α-1,4-linked glucose for resistant starch, β-2,1-linked
fructose for fructo-oligosaccharide, FOS). These structural
differences can affect their rate and extent of fermentation by
the gastrointestinal (GIT) microbial population(8–10). For instance,
the fermentability over 24 hwith a pooled human faecal inoculum
did not change for cellulose, but it increased linearly for sugar beet
fibre and quadratically for apple pectin(10). Recently, it has been
reported that one-third of purified citrus pectin was fermented
in vitrowith an ileal inoculum from growing pigs(6). Due to struc-
tural differences in fibre types, it is hypothesised that ileal fermen-
tation may differ among fibre substrates leading to a different
production of organic acids. Thus, different energy contributions
are expected across fibre substrates during ileal fermentation.

Differences in the rate and extent of fermentation of dietary
fibres can also be influenced by the composition of the microbial
population(11). For example, the production of acetic, propionic
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and butyric acids differed after in vitro fermentation of FOS, sor-
ghum arabinoxylan and maize arabinoxylan with Prevotella
spp. and Bacteroides spp. predominant faecal bacteria(11).
Considering the differences in microbial populations between
the ileum and large intestine(12,13), the ileal fermentation of
dietary fibre sources may differ from caecal fermentation.
However, there are no reported studies that have determined
both ileal and caecal fermentation across a range of fibre
substrates.

In this study, the ileal fermentation of several fibre substrates
was characterised in terms of OM fermentability and organic acid
production, using an optimised in vitro ileal fermentation
assay(6) and compared with an optimised in vitro caecal fermen-
tation assay(14). For ileal and caecal inocula, ileal and caecal
digesta, respectively, were collected from growing pigs fed a
human-type diet. The growing pig was used as an animal model
for in vitro ileal fermentability in the adult human due to similar-
ities between species in foregut digestion(15,16). Similar viable
counts of lactobacilli, streptococci and coliforms have been
found in the ileal digesta of humans and pigs(17). Purified fibre
sources commonly found in foods, and mucin (fermentable
material found in GIT endogenous secretions) were used as sub-
strates. The pig was not used as a human model for caecal fer-
mentation due to the known anatomical differences between the
species in this GIT location. The quantitative significance of ileal
fermentation in the pig was determined by comparing the
in vitro ileal and caecal fermentation.

Experimental methods

Animals and dietary treatment

Ethics approval for the animal trial was obtained from the Animal
Ethics Committee, Massey University, Palmerston North, New
Zealand. Five entire male pigs of 9 weeks of age (Hampshire
× (Landrace× Largewhite) and 23 (SD 1·6) kg bodyweight) were
housed individually in metabolism pens (1·5 m × 0·5 m) in a
room maintained at 24 (SD 2·4)°C with a 10 h light–14 h dark
cycle. The pigs were fed a high-fibre human-type diet for 15 d
(Table 1). The diet was formulated to meet the nutrient require-
ments of the growing pig(18) as described in detail elsewhere(6),
with ingredients commonly used in Western diets.

Substrates for in vitro fermentation

Different purified substrates (arabinogalactan (AG), cellulose,
FOS, inulin, mucin, citrus pectin and resistant starch) were used
for both the in vitro ileal and caecal fermentations. Cellulose,
pectin, AG (a model hemicellulose) and resistant starch were
selected as they represent important dietary fibre components
of a human diet. FOS and inulin were selected to determine if
structural differences (i.e. chain length) affect OM fermentability
and the production of organic acids. Mucin was selected as it is
one of the major contributors to SCFA produced in the
hindgut(19). All substrates, except for resistant starch, were pur-
chased from Sigma. Resistant starch (native high-amylose maize
starch) was obtained from Megazyme.

Experimental design

In vivo assay. Pigs received the human-type diet for 14 d (100 g
DM/kg metabolic body weight (body weight0·75) per d), with a
gradual adaptation from a commercial to the human-type diet
during the first three experimental days. Two equal meals were
given per day (08.00 and 16.00 hours) with ad libitum access to
water. The daily ration was adjusted after 1 week. Pigs were
monitored at least twice a day, and cages and toys were cleaned
after eachmeal. On day 15, pigs were fed half their daily ration in
a single meal and, at 5 h postprandially, they were anaesthetised
and euthanised(6). The small intestine and caecum were ligated
with clamps and immediately removed. Digesta from the last
one-third of the small intestine (ileum) and caecum for each indi-
vidual pig for in vitro fermentation were collected in plastic bags
containing CO2, prior to being stored in insulated containers at
37°C. Aliquots of the digesta were also collected in Eppendorf
tubes and stored at –80°C for microbial analysis.

In vitro fermentation assays. In vitro ileal(6) and caecal(14)

fermentation assays optimised for different parameters such as
incubation time, amount of digesta and pH were used in this
study. Therefore, parameters differed between in vitro ileal
and caecal fermentation assays. Digesta were pooled to prepare
the ileal and caecal inocula(20).

In vitro ileal fermentation assay. The inoculum was prepared
under a constant flow of CO2 to maintain anaerobic conditions.
Equal amounts of fresh ileal digesta from each pigwereweighed.
The pooled ileal digesta sample (220 g) was then mixed with 1
litre of a sterilised anaerobic 0·1 M phosphate buffer solution

Table 1. Ingredient and determined nutrient composition of the diet

g/kg DM

Ingredient*
Cooked carrot (minced) 100
Canned beans (minced) 150
Peeled hard-boiled egg (minced) 120
Cooked white rice (minced) 550
Raw apple (minced) 48·5
Premix of vitamins and minerals† 5
Sodium chloride 3
Titanium dioxide 3
Calcium carbonate 0·5
Dicalcium phosphate 20

Nutrient (g/kg DM)
Crude protein 143
Total lipid 44·9
Ash 48·7
Soluble fibre 19·6
Insoluble fibre 95·7
Total dietary fibre 115

Determined energy
Gross energy (MJ/kg DM) 18·1

* The chemical composition of the ingredients to formulate the diet was obtained from the
US Department of Agriculture National Nutrient Database (https://ndb.nal.usda.gov/).

† Vitamin and mineral premixes were obtained from Vitec Nutrition Ltd and supplied
(per kg of diet as-fed): Mn, 45mg; Zn, 80mg; Cu, 25mg; Co, 0·5mg; Se, 0·3mg;
Fe, 100mg; iodine, 1·0mg; choline, 100mg; all-trans retinylacetate, 3·0mg; chol-
ecalciferol, 0·05mg; α-tocopherol, 50mg; menadione, 2·0mg; thiamin, 1·0mg; ribo-
flavin, 3·0mg; nicotinic acid, 15mg; pantothenic acid, 20mg; pyridoxine, 2·0mg;
cyanocobalamin, 0·01mg; folic acid, 0·5mg; biotin, 0·1mg.
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(plus 4·1 mM L-cysteine, pH 6·5 at 37°C), homogenised and fil-
tered through four sterilised layers of cheesecloth. The inoculum
was stirred constantly. A quantity of 5 ml of the inoculum was
then added to a McCartney bottle containing 5 ml phosphate
buffer either alone (blank) or containing 0·1 g substrate. Six bot-
tles per blank (initial and final) or per substrate were used. Each
bottle was flushed with CO2, capped and incubated at 37°C for
2 h(6), with the exception of the initial blank that was not incu-
bated. Initial blank bottles and the bottles after fermentation
were cooled down on ice. Half of the bottles (blanks and sub-
strates) were placed in an autoclave (121°C for 20 min) before
determination of OM to allow calculation of OM fermentability.
The other half of the bottles was thoroughly mixed, and an ali-
quot (1 ml) was collected in an Eppendorf tube. The Eppendorf
tubes were centrifuged (14 000 g for 15 min at 4°C), and the
supernatant (0·5 ml) was collected and stored at –20°C for sub-
sequent determination of the organic acids.

In vitro caecal fermentation assay. In pigs, terminal ileal
digesta are released into the caecum where fermentation with
the caecal microbiota occurs. Thus, in this study, caecal digesta
instead of faeces were used to prepare the caecal inoculum. The
in vitro caecal fermentation assay was the same as that for the
in vitro ileal fermentation assay, with the exception that the inoc-
ulumwas prepared from a pooled 330 g sample of caecal digesta
and the fermentation lasted for 24 h(14). Two substrates (FOS and
inulin) were also fermented in vitro with the caecal inoculum
for 2 h.

Chemical and microbial analyses

The diet and substrates were analysed in duplicate for DM, ash
andOM (DMminus ash)(21). The diet was analysed for starch (Kit
AA/AMG;Megazyme), crude protein (N× 6·25; using an elemen-
tal analyser LECO), ether extract (using a Soxhlet apparatus and
petroleum ether extraction), gross energy (LECO AC-350
Automatic Calorimeter), soluble and insoluble dietary fibres(22).
DM, ash and OM contents were also determined on the material
remaining after the in vitro fermentation.

Organic acids (formic, acetic, propionic, butyric, isobutyric,
valeric, isovaleric and lactic acids) were determined in in vitro
fermentation samples using GC(23).

The ileal and caecal digesta were analysed for total bacteria
using quantitative PCR and bacterial community composition
using Illumina MiSeq 16S rRNA gene sequencing(24).

Predicted diversity and number of glycoside hydrolases

The ileal and caecal bacterial diversity at the genus level was
used to predict the number of sequences for each glycoside
hydrolase family reported to have carbohydrate-active
enzymes(25). The carbohydrate-active enzymes data set presents
the activities for each family (e.g. β-glucosidase (EC 3.2.1.21), β-
galactosidase (EC 3.2.1.23) and β-D-fucosidase (EC 3.2.1.38) for
glycoside hydrolase family 1) for each bacterial strain.

The observations for bacterial relative abundance, total bac-
teria and the predicted number of glycoside hydrolases for each
genus were combined to predict the diversity and number of
enzymes.

Calculations

The in vitro ileal and caecal OM fermentability values and the
amounts of organic acids were calculated as follows, following
Montoya et al.(26):

OM fermentabilityin vitro %ð Þ ¼
OMb � OMa � OMblank initial þOMblank finalð Þ=2ð Þð Þð Þ=OMb � 100

Organic acid productionin vitro mmol=kg substrateDM incubatedð Þ ¼
Organic acidafter in vitro fermentation � organic acidblank initial þ organic acidblank finalð Þ=2ð Þð Þ
� kg DMsubstrate

where OMb and OMa is the OM (mg) of the substrate either
before or after in vitro fermentation, respectively. OMblank initial

and OM
blank final

are the OM in the blank bottle prior (initial) and
after (final) in vitro fermentation, respectively. The amounts of
organic acids produced during in vitro fermentation (mmol)
and their energy contents (0·25, 0·87, 1·53, 2·18, 2·18, 2·84,
2·84 and 1·36 kJ/mmol for formic, acetic, propionic, isobutyric,
butyric, isovaleric, valeric and lactic acids, respectively) were
used to determine the total energy (kJ) produced from the
organic acids.

The predicted number of ileal and caecal glycoside hydro-
lases for each family was derived considering the absolute num-
ber of bacterial 16S rRNA gene copies (quantitative PCR),
bacterial community composition (Illumina) and number of gly-
coside hydrolases (in silico) as follows:

Number of bacteriagenus j 16S rRNA gene copy number of bacteriagenus j=gDM
� �

¼ 16S rRNA gene copy number of total bacteria=gDM

� relative abundance coefficientgenus j

Number of glycoside hydrolasefamily i

¼
X

ðnumber of bacteriagenus j � glycoside hydrolasefamily iÞ

where glycoside hydrolasefamily i is the number of sequences in
each glycoside hydrolase family for the genus j.

Statistical analysis

Based on the known means and variances for the in vitro ileal
fermentation of pectin and cellulose (30 and 3·7 (SD 1·13) %),
two in vitro replicates were required to detect a statistical differ-
ence between treatments with a power >80 % at a two-tail 5 %
significance. In this study, three technical replicates were used.

The statistical analyses were performed using the Mixed
Model procedure of SAS (SAS/STAT version 9.4). A two-way
ANOVA model was used to determine the effects of inoculum
(ileal v. caecal), substrate (AG, cellulose, FOS, inulin,mucin, pec-
tin and starch) and their interaction on OM fermentability,
organic acid production and energy from organic acids. When
the interaction effect was not statistically significant, it was
removed from the final model.

Themodel diagnostics for each response variablewere tested
using the ODS Graphics procedure and the Repeated statement
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of SAS. The Repeated statement in the Mixed Model procedure
allowed testing for the homogeneity of variance by fittingmodels
with the Restricted Maximum Likelihoodmethod and comparing
them using the log-likelihood ratio test. The selected model for
all response variables had similar Studentised residuals (i.e.
equal variances) across treatments. When the F-value of the
model was significant (P≤ 0·05), the means were compared
using Least Significant Difference. Correlations were determined
between OM fermentability and total energy from organic acids
(n 21) for each GIT location using the Correlation procedure
of SAS.

Results

All pigs remained healthy throughout the study and once
adapted to their diet consumed all of their daily ration.

The microbial population of the ileal digesta at the genus level
mainly comprised Streptococcus (67%), while the caecal digesta
mainly comprised Streptococcus (15%), Ruminococcaceae
(15%), Ruminococcus (15%), Clostridiales (11%) and Prevotella
(9 %) (online Supplementary Fig. S1).

There was an interaction (P< 0·001; Fig. 1) between the inoc-
ulum and substrate for in vitroOM fermentability. During in vitro
ileal fermentation, pectin had the highest fermentability (26 %,
P≤ 0·05) followed by AG, FOS and resistant starch, while cellu-
lose, inulin and mucin had the lowest fermentability. In contrast,
during in vitro caecal fermentation, FOS, inulin, mucin, pectin
and resistant starch had the highest (P≤ 0·05) fermentation,
while AG and cellulose had the lowest fermentation. The fer-
mentation of FOS, inulin and mucin was higher (17, 26 and
24 % units, respectively; P≤ 0·05) during in vitro caecal fermen-
tation than during in vitro ileal fermentation, whereas the fer-
mentation of AG, cellulose, pectin and starch was similar
(P> 0·05) for in vitro ileal and caecal fermentations.

To investigate the effect of incubation time during in vitro
caecal fermentation, FOS and inulinwere fermented in vitrowith

the caecal inoculum for both 2 and 24 h. The extent of in vitro
caecal OM fermentability during 2 hwas 16 and 14 % for FOS and
inulin, respectively.

There was an interaction (P ≤ 0·05; Table 2) between inoc-
ulum and substrate for the in vitro production of acetic, propi-
onic, butyric, isovaleric and lactic acids. For acetic acid, FOS,
inulin and mucin in general had the highest (P ≤ 0·05) in vitro
ileal and caecal productions, though mucin had one of the low-
est in vitro caecal acetic acid productions (P≤ 0·05). For propi-
onic, butyric and isovaleric acids, there were no differences
(P > 0·05) between substrates during in vitro ileal fermentation.
However, during in vitro caecal fermentation, there were large
differences (P ≤ 0·05) between substrates. For instance, the in
vitro caecal production of propionic acid was 3·3-fold higher
for FOS when compared with cellulose. For lactic acid, resistant
starch had the highest (P≤ 0·05) in vitro ileal and caecal pro-
ductions, while FOS (ileal fermentation) and pectin (caecal fer-
mentation) had the lowest. In general, the in vitro caecal
production of acetic, propionic and butyric acids was higher
(P ≤ 0·05) than the in vitro ileal counterpart. In contrast, the
in vitro caecal production of isovaleric and lactic acids was
in general either similar (P> 0·05) or lower (P ≤ 0·05) than
the in vitro ileal counterpart.

There was no interaction (P> 0·05) between inoculum and
substrate for the in vitro production of formic, isobutyric and
valeric acids (Table 2). The in vitro fermentation of AG rendered
a very high (P< 0·001) production of formic acid (>50-fold com-
pared with other substrates), followed by pectin and FOS. The
production of formic acidwas 5 %higher for in vitro ileal fermen-
tation compared with in vitro caecal fermentation (P< 0·001). In
contrast, the production of isobutyric and valeric acids was 10·3-
and 8·4-fold higher for in vitro caecal fermentation in compari-
son with in vitro ileal fermentation (P≤ 0·05), with no difference
between substrates for their in vitro productions (P> 0·05).

The calculated gross energy of the organic acids produced
during in vitro fermentation reflected the interaction between
the inoculum and the substrate for OM fermentability
(P< 0·001; Fig. 2). During in vitro ileal fermentation (2 h), AG,
inulin, mucin and resistant starch had higher (P≤ 0·05) energy
productions (energy content of organic acid production) than
FOS and pectin, while during in vitro caecal fermentation
(24 h), resistant starch had the highest (P≤ 0·05) gross energy
production followed by FOS and inulin, while cellulose and
mucin had the lowest. For all substrates, apart from cellulose,
more energy (P≤ 0·05) from organic acids was obtained during
in vitro caecal fermentation than in vitro ileal fermentation. The
gross energy production for in vitro ileal fermentation repre-
sented between 11 % (FOS and starch) and 100 % (cellulose)
of the energy produced during in vitro caecal fermentation.

Discussion

The study aimed to characterise the in vitro ileal fermentability of
several purified substrates in the growing pig, selected as an ani-
mal model for ileal fermentation in the adult human. The quan-
titative significance of in vitro ileal fermentation for the pig was
gauged by comparison with pig in vitro caecal fermentation.
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Fig. 1. In vitro ileal and caecal organic matter (OM) fermentability. TheP values
for inoculum, substrate and their interaction were P< 0·001, P< 0·001 and
P< 0·001, respectively. Values are means with their standard errors (n 3).
Means in a gastrointestinal tract location (ileum or caecal) without a common
letter differ (P≤ 0·05). * Means for the caecal data differ from the ileal counter-
part (P≤ 0·05). AG, arabinogalactan; FOS, fructo-oligosaccharide; RS, resist-
ant starch. Ileal and caecal digesta were collected from pigs fed a high-fibre
human-type diet.
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Table 2. Organic acid production during in vitro ileal and caecal fermentation of different purified substrates. Ileal and caecal digesta were collected from pigs fed a high-fibre human-type diet
(Mean values with their standard errors)

Inoculum

Substrate†

AG Cellulose FOS Inulin Mucin Pectin RS P‡

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Substrate (S) Inoculum (I) S × I

Formic acid (mmol/kg substrate) <0·001 <0·001 –
Ileal 330a 8·6 2·99c 0·51 7·34b 0·95 3·53c 0·60 1·59c 0·86 7·98b 0·71 3·79c 1·17
Caecal 327a* 8·6 0·25c* 0·56 4·60b* 0·95 0·79c* 0·60 0·00c*‖ 0·82 5·23b* 0·71 1·04c* 1·17

Acetic acid (mmol/kg substrate)§ <0·001 <0·001 <0·001
Ileal 3·59b,c 0·19 2·98c 0·11 4·65a 0·06 4·07b 0·11 4·91a,b 0·29 3·34c 0·15 3·37c 0·12

(36·1) (19·7) (105) (58·5) (135) (28·2) (29·1)
Caecal 6·05c,d* 0·12 3·77e* 0·00 6·92a* 0·09 6·92a* 0·03 5·84d 0·12 6·46b,c* 0·05 6·57b* 0·05

(424) (43·2) (1017) (1015) (345) (637) (711)
Propionic acid (mmol/kg substrate) <0·001 <0·001 <0·001
Ileal 0·00‖ 0·06 0·21 0·14 0·17 0·16 0·11 0·14 1·44 1·39 0·00‖ 0·03 0·02 0·04
Caecal 148a* 23·7 53·0b* 5·8 176a* 12·6 155a* 16·6 55·4b* 14·8 171a* 11·7 164a* 6·5

Isobutyric acid (mmol/kg substrate) 0·336 0·002 –
Ileal 0·01 0·01 0·08 0·04 0·00‖ 0·00 0·00‖ 0·00 0·20 0·25 0·10 0·09 0·00‖ 0·00
Caecal 0·54* 0·13 0·61* 0·13 0·51* 0·13 0·50* 0·13 0·73* 0·27 0·64* 0·14 0·49* 0·12

Butyric acid (mmol/kg substrate)§ 0·018 <0·001 0·004
Ileal −0·60 0·09 −0·55 0·08 −0·66 0·04 −0·56 0·14 −0·19 0·22 −0·39 0·14 −0·69 0·03

(0·55) (0·58) (0·52) (0·57) (0·82) (0·68) (0·50)
Caecal 3·65a,b* 0·23 2·96b* 0·10 3·96a* 0·02 3·83a* 0·08 3·59a,b* 0·31 3·81a* 0·10 4·02a* 0·03

(38·4) (19·4) (52·2) (46·3) (36·2) (45·3) (55·9)
Isovaleric acid (mmol/kg substrate) 0·001 0·001 0·001
Ileal 0·27 0·17 0·36 0·11 1·01 0·64 0·80 0·19 1·67 1·18 0·00‖ 0·02 0·45 0·39
Caecal 2·48b 1·49 0·00b‖ 0·62 13·7a* 0·83 6·93a,b 3·21 3·15b 1·24 2·44b 1·50 2·55b 0·82

Valeric acid (mmol/kg substrate) 0·163 <0·001 –
Ileal 0·00‖ 0·05 0·08 0·05 0·00‖ 0·05 0·00‖ 0·05 0·00‖ 0·05 0·00‖ 0·05 0·00‖ 0·05
Caecal 10·8* 0·82 11·0* 0·82 10·9* 0·82 10·9* 0·82 10·9* 0·82 11·0* 0·82 10·8* 0·82

Lactic acid (mmol/kg substrate) 0·027 0·205 0·037
Ileal 107b,c 12·0 136a,b,c 13·4 43·1c 33·0 146a 12·4 157a 4·3 99c 7·5 172a 4·8
Caecal 56·3b,c* 12·4 7·59d* 9·9 28·2c,d 9·1 9·62d* 7·2 105b 18·1 0·0‖,* 7·5 974a* 106

Total organic acids (mmol/kg substrate) <0·001 <0·001 <0·001
Ileal 492a 18·7 159c,d 18·7 156c,d 18·7 210b,c 18·7 256b 18·7 136d 18·7 207b,c 18·7
Caecal 997c* 62·6 128e 62·6 1314b* 62·6 1247b* 62·6 565d* 62·6 872c* 62·6 1924a* 62·6

AG, arabinogalactan; FOS, fructo-oligosaccharide; RS, resistant starch.
* Means for the caecal inoculum data differ from the ileal counterpart (P≤ 0·05).
† Values are means and standard error of the means, n 3 for each substrate and inoculum combination. Different Repeated statement for each organic acid were required to have similar Studentised residuals as described in the Statistical
analysis section (e.g. for total organic acids, the best Repeated statement had a common SEM for each inoculum, while for lactic acid had a standard error for each individual substrate by inoculum combination). Means within each inoculum
(ileal or caecal) without a common letter differ (P≤ 0·05).

‡ For formic, isobutyric and valeric acid production, there was no significant (P> 0·05) interaction between substrate and inoculum. Therefore, the interaction term was removed from the model.
§ A natural logarithm transformation of the raw data was required to achieve the model assumptions of normality and homoscedasticity. The values in parentheses represent the mean for each response variable after back transformation.
‖ Negative values were found. They are explained by the artifact of correcting a small number for the material found in the blanks. In these instances, values are assumed to be zero (i.e. the organic acid was not produced).
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For five out of seven of the substrates investigated, in vitro
ileal OM fermentability exceeded 5 %, demonstrating the poten-
tial importance of ileal fermentation. As more total OM enters the
ileum compared with the caecum, the amount of fermented OM
could be similar or even higher in the ileum compared with the
caecum as reported elsewhere for pigs fed a human-type diet
(66 % more fermented OM in the ileum compared with the cae-
cum)(7). Although this may be the case for some substrates, the
generally higher production of organic acids in the caecal fer-
mentation observed here demonstrates the importance of
hindgut fermentation.

Although optimised in vitro ileal and caecal fermentation
assays were used in this study(6,14), these methodologies do
have limitations. For instance, they use fixed parameters (e.g.
fermentation time) that in the animal may vary for different diets
and substrates. The use of a pooled inoculum does not provide
for animal to animal variation but does allow characterising the
fermentability of different substrates. The use of purified sub-
strates in the fermentation also assumes that the substrates
are not fermented to some degree in anterior GIT regions.
For example, in the present work, we used intact pectin for
the in vitro caecal fermentation, but 26 % of pectin was fer-
mented in vitro in the ileum. Anterior fermentation may modify
the structure of the substrates, thus affecting their fermentabil-
ity. Although the present results should be regarded as indica-
tive only, the methodologies do assist in developing an
understanding of the fermentation of substrates in parts of
the GIT. Based on our results, the ileum appears to be a site
of substantial bacterial fermentation in the growing pig.

The large difference in OM fermentability seen among sub-
strates during in vitro ileal fermentation may be explained by
several factors such as: (i) a low bacterial phylogenetic diversity
in the ileum and therefore a low diversity and number of enzymes
able to cleave substrate bonds. For instance, and based on the ileal
and caecal bacterial populations (online Supplementary Table S1),
the predicted number of glycoside hydrolase families present in the

ileum and caecum was sixty-five and seventy-three, respectively,
for the pig fed a human-type diet (online Supplementary Table
S2). It is important however to highlight that different glycoside
hydrolase families could have the same activities (e.g.
lysozyme, EC 3.2.1.17, could be expressed in families 18, 19, 23,
24, 25 and 73), although it is unknown if they may have the same
capacity to hydrolyse glycoside bonds; (ii) structural differences in
the substrates. For instance, the main difference between FOS and
inulin is their chain length (on average five and twenty-five degrees
of polymerisation, respectively(27)). This difference may have
affected their in vitro ileal OM fermentability. Previous studies have
shown that short fructans disappeared earlier than long fructans
when fermented with either individual Bifidobacterium strains or
a faecal human inoculum(8,27); (iii) monomeric composition of
the substrate and specificity of the microbial glycoside hydrolases.
For instance, pectin that had a greater in vitro ileal fermentation
than the other substrates (e.g. inulin) has a greater diversity of
monomeric units (galacturonic acids (65%), xylogalacturonan,
apiogalacturonan, rhamnogalacturonan I and II, arabinose, galac-
tose, rhamnose, xylose and fucose(28)) v. inulin (β(2,1) bonds of
fructose with a terminal α(1→2) linked D-glucose). Based on the
monomeric unit composition, the predicted number of glycoside
hydrolases available to break down pectin is 4·7-fold higher than
for inulin; (iv) microbial preferences towards substrates, which
could be explained by differences in other microbial enzymes
(e.g. glycosyltransferases) and carbohydrate-binding modules(29).
For example, after 24 h of in vitro fermentation with faecal inocula,
specific bacteria were attached only to insoluble wheat bran (e.g.
Roseburia faecis), high amylose starch (e.g. Ruminococcus bromii)
and a commercial porcine gastric mucin (e.g. Bifidobacterium bifi-
dum). In contrast, other species attached to all substrates (e.g.
Eubacterium rectale and Bifidobacterium longum)(30).

In this study, fermentation was also investigated by determin-
ing the production of organic acids. Acetic, formic and lactic
acids were found in quantifiable amounts for in vitro ileal fer-
mentation. However, in vitro ileal productions of the other
organic acids were low. Considering that organic acids produced
in the ileum are absorbed (metabolised) in the ileum(7), it could
be expected that they have similar beneficial effects both locally
and systemically (e.g. intestinal tissue proliferation, GIT motility)
to those absorbed in the large intestine(31,32). The relatively high
production of acetic, formic and lactic acidsmay be explained by
the high relative abundance of the Streptococcus genus (67 % of
the total 16S rRNA gene copies) in the ileal digesta(33,34). For in-
stance, streptococci can rapidly ferment available carbohydrates
to lactate. This is achieved through efficient uptake and conver-
sion of sugars using the relatively simple and energy efficient
phosphotransferase systems(12). Ileal digesta did not host mem-
bers of the Bacteroidetes phylum (online Supplementary
Fig. S2). Bacteria in the Bacteroidetes phylum possess a range
of carbohydrate enzymes (e.g. α- and β-glucosidases) that allow
them to utilise substrates at a competitive advantage over other
members of the gut microbial consortium, resulting in the pro-
duction of acetate, succinate and especially propionate(35).
The lack of butyric acid production during in vitro ileal fermen-
tation can also be attributed to the absence of bacterial families
including Lachnospiraceae and Ruminococcaceae, which are
key butyrate producers(34).
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Fig. 2. Calculated energy from the total amounts of organic acids recovered dur-
ing in vitro ileal and caecal fermentation. The P values for inoculum, substrate
and their interaction were P< 0·001, P< 0·001 and P< 0·001, respectively.
Values aremeans with their standard errors, n 3.Means in a gastrointestinal tract
location (ileum or caecal) without a common letter differ (P< 0·05). * Means for
the caecal data differ from the ileal counterpart (P< 0·05). AG, arabinogalactan;
FOS, fructo-oligosaccharide; RS, resistant starch. Ileal and caecal digesta were
collected from pigs fed a high-fibre human-type diet.
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During in vitro ileal fermentation, the production of formic,
acetic and lactic acids differed between substrates. For instance,
FOS had the highest production of acetic acid, but the lowest
production of lactic acid, while AG had the lowest production
of acetic acid, but the highest production of formic acid.
These differences could be explained by the same factors
described above (e.g. chemical compositions of the fibre
sources). Pectin, which had the highest in vitroOM fermentabil-
ity, did not have the highest production of the analysed organic
acids. Other intermediate microbial metabolites (e.g. pyruvic
acid) not analysed in this study could have been produced dur-
ing pectin fermentation in greater amounts before being con-
verted to endpoint organic acids later in the fermentation (e.g.
pyruvic acid can be metabolised to lactic acid)(36).

In this study, pigs fed a human-type diet were used as an ani-
mal model for the adult human due to their similarities in foregut
digestion. The ileal fermentation observed here may also be
important for the adult human. However, more work is needed
to validate the pig as a model for ileal fermentation and to elu-
cidate the physiological significance of ileal fermentation in
humans. The results reported here give encouragement for this
work to be undertaken.

The differences in OM fermentability between the substrates
observed for in vitro ileal fermentation were reduced during
in vitro caecal fermentation. This could be ascribed to some
of the factors discussed above such as a greater amount and
diversity of caecal microbial enzymes. Some caecal bacteria
may have different pathways to produce enzymes, which are
able to degrade both dietary and non-dietary materials(37,38),
which explains why mucin was also fermented during in vitro
caecal fermentation. It may also be related to the longer time
of fermentation. Important differences in the in vitro caecal pro-
duction of formic, acetic, propionic, butyric, isovaleric and lactic
acids were observed. In general, FOS had the greatest produc-
tion of acetic, propionic, butyric and valeric acids, while cellu-
lose the lowest. The low production of these organic acids for
cellulose may be related to its low in vitro caecal fermentability
due to the absence of cellulose-digesting enzymes inmany of the
GITmetagenomemembers, while the high value for FOSmay be
explained by several factors such as its high in vitro caecal fer-
mentability and a lower number of pathways to produce organic
acids as reviewed elsewhere(39).

To demonstrate the quantitative significance of ileal fermenta-
tion in the pig itself, in vitro ileal fermentationwas compared with
in vitro caecal fermentation. The considerably greater
in vitro caecal OM fermentability of FOS, inulin and mucin com-
pared with their in vitro ileal counterparts in the pig could be
attributed to both the longer fermentation time and greater
amounts of glycoside hydrolases. For instance, in this study, the
extent of caecal OM fermentability during 2 h of in vitro
caecal fermentation for FOS (16 %) and inulin (14 %) was lower
than that for their 24 h counterparts (33 and 32%, respectively).
This is supported by the rate of SCFA production reported else-
where for FOS and inulin(8). For FOS, the in vitro ilealOM ferment-
abilitywas comparable to the in vitro caecal OM fermentability for
2 h. In contrast for inulin, the in vitro ileal OM fermentability was
still lower. This lower fermentability could be related to a lower

number of inulin degrading enzymes in the ileal digesta compared
with caecal digesta of the pigs fed the human-type diet. In this
study, the predicted number of endo-inulinase (EC 3.2.1.7) and
exo-inulinase (EC 3.2.1.80) enzymes was 2-fold higher in the cae-
cal digesta compared with ileal digesta. Similarly, the predicted
number of inulin lyases ((DFA-I-forming) (EC 4.2.2.17) and
(DFA-III-forming) (EC 4.2.2.18)) in caecal digesta was 9-fold
greater. For the remaining substrates (AG, cellulose, pectin and
starch), there was no difference in their in vitro ileal and caecal
OM fermentability. Despite similarities in OM fermentability
between the ileum and caecum for AG, pectin and resistant starch,
the total organic acid production and energy derived from the
organic acids were higher during in vitro caecal fermentation
for all substrates. A correlation (r 0·52; P≤ 0·05; n 21) was found
between OM fermentability and organic acid energy production
for in vitro caecal fermentation, but not for in vitro ileal produc-
tion. The lack of a correlation for in vitro ileal fermentation could
be attributed to the different microbial composition. Different
microbial populations may have different energy requirements
and different efficiencies of fermentation(40–42). Based on energy
and OM disappearance in the hindgut of pigs fed diets containing
different levels of fibre, and on energy lost as methane and heat,
assuming that they are lost in the hindgut(43), 8·7 kJ of energy is
expected to be produced per gram of fermented ileal digesta.
This value is similar to 8·3 kJ/g dietary fibre fermented suggested
by the European Commission(44). In this study, the energy derived
from organic acids ranged between 0·6 and 11 kJ/g substrate fer-
mented (in vitro) in the ileum (except for cellulose), and between
2·5 and 12·8 kJ/g substrate fermented (in vitro) in the caecum.
This suggests that important amounts of energy from themicrobial
fermentation of fibre substrates can be produced in the ileum.
Further, in some instances, organic acids other than the ones
determined in this study may have contributed to the energy aris-
ing from fermentation.

In conclusion, the extent of ileal fermentation of both dietary
and non-dietary substrates appears to be quantitatively signifi-
cant in the growing pig adapted to a human-type diet, and such
ileal fermentationmay also be important in the adult human. The
extent of ileal fermentation, however, depends upon the sub-
strate. This could be attributed to factors such as structural
differences of the substrates and available glycoside microbial
hydrolases. The energy from fibre fermentation in the ileum is
estimated to be between 0·6 and 11 kJ/g substrate fermented.
Some substrates appear to be fermented to the same extent as
in the caecum.

Acknowledgements

The authors acknowledge the help of Edward de Haas and
Megane Cognée during the study.

This study was funded by the Centre of Research Excellence
Fund from the Tertiary Education Commission and the New
Zealand Ministry of Education.

C. A. M. and P. J. M. were responsible for planning the study.
P. B. was responsible for the microbial analysis. C. A. M. was
responsible for conducting the experiments, did the statistical

1004 C. A. Montoya et al.

https://doi.org/10.1017/S0007114520003542  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114520003542


analysis and prepared the first draft of the manuscript which was
revised by P. J. M. and P. B. All authors read and approved the
final manuscript.

The authors declare that there are no conflicts of interest.

Supplementary material

For supplementarymaterials referred to in this article, please visit
https://doi.org/10.1017/S0007114520003542

References

1. Montoya CA, Rutherfurd SM & Moughan PJ (2015) Nondietary
gut materials interfere with the determination of dietary fiber
digestibility in growing pigs when using the Prosky method.
J Nutr 145, 1966–1972.

2. Bik EM, Eckburg PB, Gill SR, et al. (2006) Molecular analysis of
the bacterial microbiota in the human stomach. Proc Natl Acad
Sci U S A 103, 732–737.

3. Stearns JC, Lynch MDJ, Senadheera DB, et al. (2011) Bacterial
biogeography of the human digestive tract. Sci Rep 1, 170.

4. Højberg O, Canibe N, Knudsen B, et al. (2003) Potential rates of
fermentation in digesta from the gastrointestinal tract of pigs:
effect of feeding fermented liquid feed. Appl Environ
Microbiol 69, 408–418.

5. Zentek J, Ferrara F, Pieper R, et al. (2013) Effects of dietary
combinations of organic acids and medium chain fatty acids
on the gastrointestinal microbial ecology and bacterial metab-
olites in the digestive tract of weaning piglets. J Anim Sci 91,
3200–3210.

6. Montoya CA, de Hass ES &Moughan PJ (2018) Development of
an in vivo and in vitro ileal fermentation method in a growing
pig model J Nutr 48, 298–305.

7. Hoogeveen AME, Moughan PJ, de Haas ES, et al. (2020) Ileal
and hindgut fermentation in the growing pig fed a human-type
diet. Br J Nutr 124, 567–576.

8. Stewart ML, TimmDA & Slavin JL (2008) Fructooligosaccharides
exhibit more rapid fermentation than long-chain inulin in an in
vitro fermentation system. Nutr Res 28, 329–334.

9. Salvador V, Cherbut C, Barry JL, et al. (1993) Sugar composition
of dietary fibre and short-chain fatty acid production during in
vitro fermentation by human bacteria. Br J Nutr 70, 189–197.

10. Barry JL, Hoebler C, Macfarlane GT, et al. (1995) Estimation of
the fermentability of dietary fibre in vitro: a European interla-
boratory study. Br J Nutr 74, 303–322.

11. Chen T, Long W, Zhang C, et al. (2017) Fiber-utilizing capacity
varies in Prevotella- versus Bacteroides-dominated gut micro-
biota. Sci Rep 7, 2594–2594.

12. Zoetendal EG, Raes J, van den Bogert B, et al. (2012)
The human small intestinal microbiota is driven by rapid
uptake and conversion of simple carbohydrates. ISME J 6,
1415–1426.

13. Crespo-Piazuelo D, Estellé J, Revilla M, et al. (2018)
Characterization of bacterial microbiota compositions along
the intestinal tract in pigs and their interactions and functions.
Sci Rep 8, 12727.

14. Coles LT, Moughan PJ, Awati A, et al. (2013) Optimisation
of inoculum concentration and incubation duration for an
in vitro hindgut dry matter digestibility assay. Food Chem
136, 624–631.

15. Miller ER & Ullrey DE (1987) The pig as a model for human
nutrition. Annu Rev Nutr 7, 361–382.

16. Moughan PJ, Cranwell PD, Darragh AJ, et al. (1994) The domes-
tic pig as a model for studying digestion in humans. In
Proceedings of the VIth International Symposium on Digestive
Physiology in Pigs, vol. 80, pp. 389–396 [WB Souffrant and H
Hagemeister, editors]. Bad Doberan: EAAP Publ.

17. Graham H & Åman P (1987) The pig as a model in dietary fibre
digestion studies. Scand J Gastroenterol 22, 55–61.

18. National Research Council (1998) Nutrient Requirements of
Swine: 10th Revised Edition. Washington, DC: The National
Academies Press.

19. Montoya CA, Rutherfurd SM & Moughan PJ (2017) Ileal digesta
nondietary substrates from cannulated pigs are major contrib-
utors to in vitro human hindgut short-chain fatty acid produc-
tion. J Nutr 147, 264–271.

20. AguirreM, Ramiro-Garcia J, KoenenME, et al. (2014) To pool or
not to pool? Impact of the use of individual and pooled fecal
samples for in vitro fermentation studies. J Microbiol Methods
107, 1–7.

21. Association of Official Analytical Chemists (2007) Official
Methods of Analysis, 18th ed. Arlington, VA: AOAC
International.

22. Prosky L, Asp NG, Schweizer TF, et al. (1988) Determination of
insoluble, soluble, and total dietary fiber in foods and food
products: interlaboratory study. J Assoc Off Anal Chem 71,
1017–1023.

23. Richardson AJ, Calder AG, Stewart CS, et al. (1989)
Simultaneous determination of volatile and non-volatile acidic
fermentation products of anaerobes by capillary gas chroma-
tography. Lett Appl Microbiol 9, 5–8.

24. Blatchford P, Bentley-Hewitt KL, Stoklosinski H, et al. (2015) In
vitro characterisation of the fermentation profile and prebiotic
capacity of gold-fleshed kiwifruit. Benef Microbes 6, 829–839.

25. Lombard V, Golaconda Ramulu H, Drula E, et al. (2014) The
carbohydrate-active enzymes database (CAZy) in 2013.
Nucleic Acids Res 42, D490–D495.

26. Montoya CA, Rutherfurd SM & Moughan PJ (2016) Kiwifruit
fibre level influences the predicted production and absorp-
tion of SCFA in the hindgut of growing pigs using a combined
in vivo–in vitro digestion methodology. Br J Nutr 115,
1317–1324.

27. Rossi M, Corradini C, Amaretti A, et al. (2005) Fermentation of
fructooligosaccharides and inulin by bifidobacteria: a compar-
ative study of pure and fecal cultures. Appl Environ Microbiol
71, 6150–6158.

28. Mohnen D (2008) Pectin structure and biosynthesis. Curr Opin
Plant Biol 11, 266–277.

29. Boraston AB, BolamDN, Gilbert HJ, et al. (2004) Carbohydrate-
binding modules: fine-tuning polysaccharide recognition.
Biochem J 382, 769–781.

30. Leitch ECM,Walker AW, Duncan SH, et al. (2007) Selective col-
onization of insoluble substrates by human faecal bacteria.
Environ Microbiol 9, 667–679.

31. Kamath PS, Phillips SF & Zinsmeister AR (1988) Short-chain fatty
acids stimulate ileal motility in humans. Gastroenterology 95,
1496–1502.

32. Roy CC, Kien CL, Bouthillier L, et al. (2006) Short-chain fatty
acids: ready for prime time? Nutr Clin Pract 21, 351–366.

33. Neijssel OM, Snoep JL & Teixeira de Mattos MJ (1997)
Regulation of energy source metabolism in streptococci. J
Appl Microbiol 83, 12s–19s.

34. Louis P, Hold GL & Flint HJ (2014) The gut microbiota,
bacterial metabolites and colorectal cancer. Nat Rev
Microbiol 12, 661.

35. Sakamoto M & Benno Y (2006) Reclassification of Bacteroides
distasonis, Bacteroides goldsteinii and Bacteroides merdae as

In vitro ileal v. caecal fermentations 1005

https://doi.org/10.1017/S0007114520003542  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114520003542
https://doi.org/10.1017/S0007114520003542


Parabacteroides distasonis gen. nov., comb. nov.,
Parabacteroides goldsteinii comb. nov. and Parabacteroides
merdae comb. nov. Int J Syst Evol Microbiol 56, 1599–1605.

36. Louis P, Scott KP, Duncan SH, et al. (2007) Understanding the
effects of diet on bacterial metabolism in the large intestine.
J Appl Microbiol 102, 1197–1208.

37. Sonnenburg JL, Xu J, Leip DD, et al. (2005) Glycan foraging
in vivo by an intestine-adapted bacterial symbiont. Science
307, 1955–1959.

38. Sonnenburg ED, ZhengH, Joglekar P, et al. (2010) Specificity of
polysaccharide use in intestinal bacteroides species determines
diet-induced microbiota alterations. Cell 141, 1241–1252.

39. Sarbini SR & Rastall RA (2011) Prebiotics: metabolism, structure,
and function. Funct Food Rev 3, 93–106.

40. Pirt SJ & Hinshelwood CN (1965) The maintenance energy of
bacteria in growing cultures. Proc R Soc B 163, 224–231.

41. Kempes CP, van Bodegom PM,Wolpert D, et al. (2017) Drivers
of bacterial maintenance and minimal energy requirements.
Front Microbiol 8, 31–31.

42. Maitra A & Dill KA (2015) Bacterial growth laws reflect the evo-
lutionary importance of energy efficiency. Proc Natl Acad Sci U
S A 112, 406–411.

43. Jørgensen H, Zhao X-Q & Eggum BO (1996) The influence of
dietary fibre and environmental temperature on the develop-
ment of the gastrointestinal tract, digestibility, degree of fer-
mentation in the hind-gut and energy metabolism in pigs. Br
J Nutr 75, 365–378.

44. European Union (2008) Commission Directive 2008/100/EC
amending Council Directive 90/496/EEC on nutrition labelling
for foodstuffs as regards recommended daily allowances,
energy conversion factors and definitions. Off J Eur Union
L285, 9–12.

1006 C. A. Montoya et al.

https://doi.org/10.1017/S0007114520003542  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114520003542

	In vitro ileal and caecal fermentation of fibre substrates in the growing pig given a human-type diet
	Experimental methods
	Animals and dietary treatment
	Substrates for in vitro fermentation
	Experimental design
	In vivo assay
	In vitro fermentation assays
	In vitro ileal fermentation assay
	In vitro caecal fermentation assay

	Chemical and microbial analyses
	Predicted diversity and number of glycoside hydrolases
	Calculations
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	Supplementary material
	References


