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ABSTRACT: A combination of in vivo (ileal can-
nulated pigs) and in vitro (fecal inoculum-based
incubation) methodologies were used to predict the
effects of dietary supplementation with soluble or
insoluble dietary fiber on hindgut VFA production
and absorption. Energy contribution from hind-
gut VFA and apparent ileal (AID) and total tract
(ATTD) digestibility of energy and DM was also
investigated. Twelve ileal cannulated Genesus bar-
rows (initial BW: 35.1 + 0.44 kg) were allocated to
1 of the 3 corn-soybean meal-based diets without
(control), or with flaxseed meal (FM) or oat hulls
(OH) in a 2-period cross-over design. Flaxseed
meal and oat hulls were used as sources of solu-
ble and insoluble fiber, respectively. In each period,
4 pigs were offered 1 of the 3 diets, for 12 d fol-
lowed by fecal (day 13 and 14) and ileal digesta col-
lection (day 15 and 16) (n = 8). Ileal digesta were
collected, freeze-dried, and subjected to in vitro
fermentation using fecal inoculum, to predict pro-
duction and absorption of VFA and energy pro-
duction, and digestibility of DM and energy. The
quantity of acetic, propionic, butyric, and valeric
acids produced by in vitro fermentation was higher
(P < 0.05) for the diet containing flaxseed meal

compared with the control and OH diets. The pre-
dicted quantity of VFA produced and absorbed
in the hindgut was greater (P < 0.05) in pigs that
consumed the FM diet than those fed the control
or OH diet. Pigs fed the control diet had greater
(P<0.05) AID and ATTD of DM than pigs offered
the OH or FM diet. The determined disappearance
of DM was lower (P < 0.05) in pigs fed the control
and OH diets than in pigs that consumed the FM
diet. The quantity of digested energy in the upper
gut was reduced (P < 0.05) more in pigs fed the OH
diet than in pigs fed the FM diet. The consumption
of the FM diet increased (P < 0.05) the quantity
of digested energy, energy produced and absorbed
from VFA in the hindgut, and the percentage con-
tribution of VFA from fermentation to total tract
digestible energy, compared with the control and
OH diets. In conclusion, dietary supplementation
with insoluble fiber from oat hulls reduced ileal
digested energy more than soluble fiber from flax-
seed meal. Addition of soluble fiber to pig diets
increased the energy contribution from VFA pro-
duced by hindgut fermentation to the total tract
digestible energy, compared with dietary addition
of insoluble fiber.
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INTRODUCTION

Supplementation with low-cost agro-industrial
coproducts in swine diets results in an increase in
dietary fiber (DF), and consequently leading to the
addition of fat to increase the dietary energy con-
tent. Previous studies have indicated that nutrient
utilization and performance is depressed when pigs
are fed nutritionally-balanced high-fiber diets that
contain added fat (Bakker, 1996; Gutiérrez et al.,
2013). An increase in DF cause a reduction in
digestible energy of pig diets (Bach Knudsen and
Hansen, 1991) and promotes hindgut VFA pro-
duction and absorption (Iyayi and Adeola, 2015;
Montoya et al., 2016). Different fiber sources are
fermented at different rates and the solubility of
DF is important in determining fermentability
of DF and the quantity of VFA produced (Bach
Knudsen, 2001; Zhou et al., 2018).

The in vivo—in vitro methodologies have been
used to estimate the effects of increasing DF level
on production and absorption of hindgut VFA
(Montoya et al., 2016). To the best of our knowl-
edge, this is the first study that has investigated
both production and absorption of VFA and
calculated energy contribution while most of the
previous studies have focused on VFA production
only. Moreover, the comparative effects of practi-
cal sources of soluble and insoluble DF on hindgut
VFA production in pigs fed corn and soybean meal-
based diets has not been extensively researched and
warrants further investigation to better understand
and develop strategies to improve utilization of
fibrous coproducts. Therefore, the objective of this
experiment was to test the null hypothesis that sup-
plementation with either soluble fiber from flax-
seed meal or insoluble fiber from oat hulls would
have similar effects on the predicted quantity of
VFA produced and absorbed, and the energy con-
tribution from VFA produced in the hindgut in
growing pigs.

MATERIALS AND METHODS

The experimental protocol was reviewed and
approved by the Animal Care Committee of the
University of Manitoba (Protocol Number: F14-
042/1) and the cannulated pigs were cared for in
accordance with the Canadian Council on Animal
Care guidelines (CCAC, 2009).

Experimental Diets and Pigs

The diets included; a corn-soybean meal-based
diet (control), a 12% flaxseed meal-containing diet

(FM), and a diet containing 10% oat hulls (OH)
(Table 1) and were similar to those reported in our
previous experiment (Ndou et al., 2017). Flaxseed
meal and oat hulls were selected based on previous
studies and preliminary analysis in our lab that
indicated that they are rich in soluble and insoluble
fiber, respectively and can be used in nonruminant
diets (Eastwood et al., 2009; Jiménez-Moreno et al.,
2009; Kim et al., 2017; Ndou et al., 2017, 2018a,b).
The diets were formulated to contain similar stand-
ardized ileal digestible (SID) AA contents and ren-
dered iso-energetic by adding soybean oil to adjust
the calculated NE contents. Diets met energy and
nutrient specifications for 25 to 50 kg pigs (NRC,

Table 1. Compositions of the control, flaxseed
meal, and oat hulls diets

Diet!

Item Control FM OH

Ingredient composition, %
Corn 64.53 57.40 52.99
Oat Hulls - - 10.00
Flaxseed meal - 12.00 -
Soybean meal, 44% CP 31.00 25.49 31.50
Vegetable oil 1.354 2.048 2.390
Limestone 0.683 0.667 0.640
Monocalcium phosphate 0.752 0.637 0.750
Salt 0.35 0.35 0.35
Vitamin-mineral premix? 1.00 1.00 1.00
-Lysine HCI - 0.086 0.010
o-Methionine 0.031 0.010 0.060
Threonine - 0.012 0.010
Titanium dioxide 0.30 0.30 0.30

Analyzed compositions, %?
CP 19.20 19.30 19.36
GE, kcal/kg 3,900 3,995 3,980
SFA, % of TFA 16.57 14.59 16.22
MUFA, % of TFA 23.69 23.04 23.70
PUFA, % of TFA 59.74 62.37 60.07
TFA 4.56 6.02 6.05
ADF 3.7 5.0 7.6
NDF 9.3 18.2 18.7
SDF 4.7 6.9 4.5
IDF 10.5 17.6 21.1
TDF 15.2 24.9 25.5

'FM = flaxseed meal-containing diet; OH = oat hulls-containing
diet.

*Provided the following nutrients per kg of air-dry diet: 8,250 TU
retinol (vitamin A); 200 IU cholecalciferol (vitamin D,); 40 UI o-to-
copherol (vitamin E); 4 mg vitamin K; 1.5 mg vitamin B,; 7 mg vitamin
B,; 2.5 mg vitamin B; 25 pg vitamin B ,; 14 mg calcium pantothenate;
2 mg folic acid; 21 mg niacin (vitamin B,); and 200 pg biotin (vitamin
B,). Minerals: 15 mg Cu (as copper sulphate); 0.4 mg iodine (as potas-
sium iodine); 120 mg iron (as ferrous sulphate); 20 mg Mn (as manga-
nese oxide); 0.3 mg Se (as sodium selenite); 110 mg Zn (as zinc oxide).

STFA = sum of all fatty acids; SDF = soluble dietary fiber;
IDF = insoluble dietary fiber; TDF = total dietary fiber.
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Table 2. Normalized ileal and fecal concentrations
of VFA determined in pigs fed the control, flaxseed
meal, and oat hulls diets (n = 8)

Diet!
Item Control FM OH SEM P
Determined ileal VFA concentrations (mmol/kg DM intake) (in vivo)?
Acetic 2.27° 6.29° 6.87¢ 0.526 <0.001
Propionic 0.03° 1.52¢ 0.11° 0.438 0.037
Butyric 1.33 1.86 2.13 0.310 0.171
Valeric 0.07 0.10 0.09 0.017 0.336

Determined fecal VFA concentration (mmol/kg DM intake) (in vivo)?

Acetic 7.96° 11.42¢ 13.320 0.788 <0.001
Propionic 4.75° 5.730 7.02¢ 0.395 0.001
Butyric 3.31 3.53 4.44 0.674 0.281
Valeric 0.52° 1.212 1.142 0.175 0.019

Statistical comparison of within diet ileal and fecal VFA
concentrations*

- <0.001 0012 0.036
SEM 0.779 1.861 1.456
S 0.011 0.024  0.163
SEM 1.683 0.615  0.580
- 0.156 0032  0.045
SEM 1.123 0.612 0.578
o 0.042 0.047  0.039
SEM 0.127 0229 0263

*®Mean values within a row with unlike superscripts differ (P < 0.05).
Mean values with their pooled standard errors (n = 8 per treatment).

'FM = flaxseed meal-containing diet; OH = oat hulls-containing
diet; Normalized VFA concentration (mmol/kg DMI) = VFA concen-
tration (mmol/kg DM) x (Titanium in diets + Titanium content in
feces or ileal digesta).

’The ileal concentrations of VFA were determined directly from the
digesta contents that were collected through the ileal cannula.

3The fecal concentrations were determined from the samples of
feces that were collected directly through anal palpation.

4 - P . a1
P, i Ppmpwnic, anym, and P, . are the P values for comparing

ileal and fecal acetic, propionic, butyric, and valeric acids, respectively.

2012). Titanium dioxide was added (0.3%) as an
indigestible marker in all diets.

Pigs, Experimental Design, and Sample Collection

A total of 12 Genesis crossbred barrows
[(Yorkshire-Landrace dam) X Duroc sire] with an
initial BW of 35.1 + 0.44 (mean = SEM) kg were
obtained from University of Manitoba’s Glenlea
Swine Research Unit (Winnipeg, MB, Canada). Pigs
were housed individually in pens. The experimental
room temperature was maintained at 22.0 + 2.2 °C
(mean = SD) with a 14 h light-10 h dark cycle
throughout the study. Following a 7-d adaptation
period to the experimental room, each pig was sur-
gically equipped with a simple T-cannula at the ter-
minal ileum as described by Nyachoti et al. (2002).

After surgery, the cannulated pigs were allowed a
recovery period of 10 d.

After the recovery period, pigs were assigned to
the 3 diets in a 2-period cross-over design. In each
period, 4 pigs were randomly offered 1 of the 3
treatments to give 8 replicates per diet (n = 8). Pigs
were weighed at the beginning of each experimental
period and offered a daily feed amount equivalent
to supply 2.8 times the maintenance energy require-
ment as recommended in NRC (2012). Daily feed
allowances were offered in 2 equal meals at 0800
and 1600 h. Each experimental period lasted 16
d; where 12 d were for adaptation to the diets, fol-
lowed by collection of blood samples on the 13th
day, fecal collection on the 13th and 14th and col-
lection of ileal digesta contents on day 15 and 16.

Using the rectal palpation technique, fecal sam-
ples were collected into plastic bags, subsampled
and sealed into Eppendorf tubes and immediately
stored at —80 °C for determining fecal VFA con-
centrations. Another subsample of feces was imme-
diately stored at —20 °C for determining apparent
total tract digestibility (ATTD) of dietary com-
ponents, physical characteristics, and the flows of
fatty acids (FA) and bile acids (BA) reported in the
companion paper. Digesta samples were collected
by attaching empty plastic bags on the cannula and
immediately subsampled, sealed into Eppendorf
tubes, and stored at —80 °C for determining the
concentration of VFA in ileal digesta contents.
The remaining digesta subsample was immedi-
ately stored at —80 °C to provide a substrate for
the in vitro fermentation assay. Immediately after
collecting samples for VFA analyses, plastic bags
containing 10% formic acid were also attached and
changed every 30 min unless filled with digesta.
Digesta samples collected in 10% formic acid were
immediately stored at —20 °C for determining ileal
digestibility of dietary components and the flows
of FA and BA reported in the companion paper. At
the end of each day of collection, all samples were
pooled for each pig, day of collection, and period.
The samples were mixed in a mechanical blender,
freeze-dried, and stored at —80 °C.

In Vitro Fermentation Assay

The collection and preparation of fecal inocu-
lum was performed according to the modifications
of the methods proposed by Cole et al. (2013a,b)
as described by Montoya et al. (2016). All proce-
dures were performed under a constant flow of
CO,. Fresh fecal samples were collected, sealed,
and placed into prewarmed (38 °C) plastic bags



Energy production in the pig hindgut

that were filled with CO, and a sterile anaerobic
medium (0.1 M-phosphate buffer at pH 7) to give
final slurry of [1:5, or 200 g of feces/L (w/v)]. After
mixing of the slurry for 60 s, the fecal slurries were
filtered through a double layer of sterile cheesecloth
to extract fecal inoculum into a prewarmed (38 °C)
vacuum flask flushed with CO,.

The in vitro fermentation of freeze-dried ileal
digesta substrate was conducted using fecal inoc-
ulum as illustrated in the schematic flow diagram
in Fig. 1. The inoculums were produced from
pigs given the same diet of the substrate. To each
Nalgene bottle containing 1.0 = 0.1 g DM of the
freeze-dried ileal digesta (substrate) or empty (Blank
incubation) and 100 mL of 0.1 M-phosphate buf-
fer, 100 mL of the inoculum mixture were added.
The Nalgene bottle were flushed with CO,, and
immediately capped. Therefore, there were 5 repli-
cate bottles per ileal digesta substrate; 1 bottle was
used for determining VFA concentrations after fer-
mentation, the second and third bottles were used
to determine DM fermentability or disappearance.
The fourth and fifth bottles were used as blanks for
correcting VFA and DM fermentability associated
with the fecal digesta slurry before (0 h) and after
fermentation (48 h), respectively. After inoculation,
the bottles with ileal digesta substrate were placed
into prewarmed (37 °C) incubators for 48 h. After
incubation, the bottles were vented and cooled in
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ice water. Terminal pH was recorded and then the
bottles were centrifuged at 14,000 rpm, 4 °C for
10 min. The supernatant was carefully extracted,
transferred to an Eppendorf tube, and stored at
—80 °C until analyzed for VFA. The remaining 3
bottles were immediately placed in an autoclave
(121 °C for 120 s) to completely inactivate micro-
bial activity. The DM of the unfermented residue
was determined in the 3 remaining bottles by dry-
ing them in a forced-air oven at 60 °C for 48 h until
a constant weight of undigested DM was attained.

Laboratory Analyses

Diets, freeze-dried ileal contents, and feces were
ground through a 1-mm screen in a laboratory mill
(Thomas Wiley Mill Model 4, Thomas Scientific,
Swedesboro, NJ). The GE, DM, CP, NDF, and ADF
contents of the diets, ileal digesta, and fecal samples
were determined as described by Ndou et al. (2017).
The experimental diets, ileal digesta, and feces were
also analyzed for FA content following the meth-
odology described by Folch et al. (1957) using a 2:1
chloroform: methanol mixture. The extracted FA
were methylated to FA methyl esters using modifi-
cations based on the methods described by Metcalfe
and Schmitz (1961). The soluble (SDF) and insoluble
(IDF) dietary fiber contents were analyzed in all diets,
ileal digesta, and fecal samples according to method

48 h In vitro hindgut fermentation

1.0 £ 0.1 g of freeze-dried ileal digesta

!

100 mL of salt medium, pH 7, CO,, 38°C

l

100 mL of fecal inoculum, pH 7,
CO,, 37£1°C, 36 h incubation

S

=

Bottles for VFA Analyses
Terminal pH, ventilation, cooling,
centrifugation (14,000 rpm, 4°C, 10 min)

Autoclaving (121°C, 20 min), oven drying

Bottles for DM Analyses

(60°C, at least 48 h)

l

VFA and DM analyses of the residue

Figure 1. In vitro fermentation of freeze-dried ileal digesta using fecal inoculum, respectively. (The schematic flow diagram was developed as
described with modifications of the procedures reported by Montoya et al. (2016).
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991.43 of AOAC (2012) using the Ankom™F Dietary
Fibre Analyzer (Ankom Technology). The total diet-
ary fiber (TDF) was calculated by adding the SDF
and IDF contents. Titanium dioxide concentration
in the diets, ileal digesta, and feces were determined
according to Lomer et al. (2000) using a Varian
Inductively Coupled Plasma Mass Spectrometer
(Model ICP-OES, Varian Inc., Palo Alto, CA). The
concentrations of BA in freeze-dried ileal digesta and
fecal contents were extracted according to the proce-
dures described by Batta et al. (1999) and modifica-
tions described by Ndou et al. (2017). Digesta samples
and in vitro fermentation supernatants were analyzed
for VFA concentrations using gas chromatography—
mass spectrometry (Varian Chromatograph System,
model Star 3400; Varian Medical Systems, Palo Alto,
CA) that was equipped with a capillary column (30
m X 0.5 mm; Restek Corp., Belefonte, PA). Prior to
gas chromatography analysis, the digesta samples
were subjected to an acid-base treatment followed by
ether extraction and derivatization according to pro-
cedures described by Erwin et al. (1961).

Calculations for In Vivo Assay

The determined AID and ATTD were calcu-
lated as follows:

Determined AID or ATTD (%) =

Nutrient,,, + Nutrient
{1—(( o o) D % 100,

X (TD + TF,I)

in vivo (%) =
(1= (DM + DM,c) X (Tye + Tye))) x 100,

Determined hindgut disappearance

where Nutrient, are the contents of dietary
components (g’kg DM) in the feces (;) or ileal ()
digesta, respectively; Nutrient  is the content of
each nutrient (g/lkg DM) in the diet; T is the tita-
nium dioxide (g’kg DM) in the diet; T, are the
concentrations of titanium dioxide (g’kg DM) in
feces (F) or ileal (I) digesta, respectively; DM is
the content of DM (g/lkg DM) in the diet; DM, are
the contents of DM (g/kg DM) in the feces or ileal
digesta, respectively (Montoya et al., 2016).

The concentrations of VFA in the terminal ileal
digesta and the feces were normalized for the food
DM intake (DMI) as described by Montoya et al.
(2016) using the following equation:

Normalized VFA concentration (mmol/kg DMI) =
VFA concentration (mmol/kg DM) x (Tp /Ty ).

Calculations for In Vitro Fermentation Assay

Predicted digestibility of DM and VFA produced
in the hindgut were determined after in vitro fermen-
tation of ileal digesta with fecal inoculum, respec-
tively, and calculated using the following equations:

Predicted hindgut disappearance,, ,;,,, (%) =
(DMb - (DMa - (DMblank initial + DMblank ﬁnal)/2>)
/DM, x 100,

VFA produced by fermentation
(mmol/ kg DM incubated)= (VFA 1.

- ((VFAbIank initial +VFAb]ank final ) / 2)) /Sample
weight (g DM) %100,

where DM, is the DM (mg) of ileal digesta before
in vitro fermentation, DM_ is the DM (mg) of ileal
digesta after in vitro fermentation. DM, _ . ...
DMblank final® VFAblank initial® and VFAblank final are the
DM (mg) and the VFA (mmol) in the blank bot-
tle (which contained inoculum but no ileal digesta)
before (initial) and after (final) in vitro fermenta-

tion, respectively (Coles et al., 2013a,b).

Calculations for Predicted Digestibility, VFA
Production, and Absorption in the Hindgut

The predicted ATTD of DM and the VFA pro-
duction and absorption in the hindgut were calcu-
lated based on combining results for in vivo ileal
digesta flows (ileal cannulated pig) with in vitro
concentrations (hindgut fermentation). The in vivo
measurements represented digestion in the upper
gut, and in vitro values represented fermentation
in the hindgut. The PAD, . of DM and predicted
hindgut VFA production were calculated as follows:

Predicted ATTD (%) =

{ [((IOO — DM fermentability,, ,,,,, )/ IOO)J]
DM, —
x DM flow,

JOM,, x 100,

Predicted hindgut VFA production (mmol/kg
DMI) = VFA produced by fermentation (mmol/kgileal
digesta DM incubated) x DM flow, (kg DM/kg DMI),

where DM (g/kg DM) is the DM content in
the diet, DM fermentability, . (%) is the DM fer-
mentability determined from incubation of ileal
digesta, and DM flow, (g/kg DMI) is the ileal flow
of DM. The values of VFA entering the hindgut
(is the ileal normalized VFA concentration) and the
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amounts of VFA produced in the hindgut (i.e., in
vitro predicted hindgut VFA production) were used
to estimate the amounts of VFA absorbed in the
hindgut based on the following equation:

Amount of VFA absorbed from the hindgut
(mmol /kg DMI) = in vitro predicted hindgut
VFA production (mmol/kg DMI)

+ ileal VFA concentration (mmol /'kg DMI)
— fecal VFA concentration (mmol/kg DMI),

Extent of VFA absorbed in the hindgut
(%) = (amount of VFA absorbed from the hindgut
(mmol/kg DMI) / (in vitro predicted hindgut VFA
production (mmol/kg DMI) + ileal VFA concentra-
tion (mmol/kg DMI))) X 100.

The ileal and total tract digestible energy was
calculated as follows: Ileal and total tract digestible
energy = Determined AID/ATTD X Dietary GE
content. The amount of energy in the hindgut was
determined by subtracting ileal digestible energy
from total tract digestible energy. The energy pro-
duced from VFA was determined by adding the
equivalent energy for each VFA absorbed in the
hindgut. The equivalent energy for acetic, propi-
onic, butyric, and valeric acids were 208, 364, 520,
and 676 kcal/mol (Weast, 1977). The percentage
contribution of energy from VFA to total available

energy was determined as follows:

Contribution of available energy from hindgut fer-
mentation (%) = (energy absorbed from hindgut
VFA (kcal/’kg DM feed) / (energy digested in the
ileum (kcal/’kg DM feed) + energy absorbed from
hindgut VFA(kcal’kg DM feed))) x 100 (Iyayi and
Adeola, 2015).

Statistical Analysis

Data were analyzed using a generalized linear
mixed model procedure of SAS (SAS, Institute, Inc.,
Cary, NC). Comparisons of means were performed
using the Tukey—Kramer honestly significance differ-
ence test. Significant differences among means were
declared at an o of P <0.05, and trends declared for
P values between 0.05 and 0.10 were discussed.

RESULTS
lleal and Fecal Concentrations of VFA (in vivo)
Pigs fed diets supplemented with flaxseed meal

and oat hulls had greater (P < 0.05) concentration
of ileal acetic acid than those offered the control

diet (Table 2). The concentration of propionic acid
was greater (P = 0.037) in the ileum of pigs fed the
FM diet compared with those fed the control and
OH diets. There were no (P > 0.10) dietary effects
observed on the concentration of butyric and
valeric acids in the terminal ileum.

The concentrations of acetic and valeric acids
were greater (P < 0.05) in feces of pigs fed the FM
and OH diets than for pigs that consumed the con-
trol diet. The concentration of propionic acid in
feces of pigs fed the control and FM diets were
lower (P < 0.05) than in pigs fed the OH diet. There
were no significant dietary effects observed on the
concentration of butyric acid in feces.

The concentrations of acetic and valeric acid
were greater (P < 0.05) in fecal contents than in ileal
digesta contents among all diets. Although there
was no (P > 0.10) difference between the ileal and
fecal propionic acid in OH diet-fed pigs, pigs fed the
control and FM diets had greater (P < 0.05) con-
centrations of propionic acid in feces than in ileal
digesta effluent. Similarly, no significant differences
were observed between ileal and fecal concentra-
tions of butyric acid for control diet-fed pigs. The
ileal concentration of butyrate was lower (P < 0.05)
compared with the fecal concentration for pigs fed
diets containing flaxseed meal and oat hulls.

Production of VFA in the Hindgut

The quantity of acetic, propionic, and butyric
acids produced by in vitro fermentation was higher
(P < 0.05) for the diet containing flaxseed meal
compared with the control and OH diets (Table 3).
The quantity of valeric acid produced during in
vitro fermentation was higher (P < 0.05) for the
FM diet than for the control and OH diets.

The predicted quantity of acetic and propi-
onic acids produced in the hindgut were greatest
(P < 0.05) in pigs offered the FM diet, followed by
those fed the OH diet and then those fed the con-
trol diet. The predicted amounts of butyric and
valeric acids produced in the hindgut were greater
(P < 0.05) in pigs that consumed the FM diet than
those fed the control and OH diets.

Absorption of VFA in the Hindgut

The predicted amounts of acetic, butyric, and
propionic acids absorbed from the hindgut were
highest (P < 0.05) for the FM diet, followed by the
OH diet, and lowest in the control diet (Table 3).
The predicted quantities of valeric acid absorbed in
the hindgut were greater (P < 0.05) for the FM diet
compared with the control and OH diets.
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Table 3. Predicted production and absorption of VFA in the hindgut (in vivo—in vitro methodology) of pigs
fed the control, flaxseed meal and oat hulls diets (n = 8)

Diet!
Item Control FM OH SEM P
Hindgut VFA produced by in vitro fermentation methodology (mmol/kg DM incubated)?
Acetic 2438 43420 2787° 79.9 <0.001
Propionic 954¢ 1875% 1438° 84.1 <0.001
Butyric 202¢ 795° 416° 15.4 0.034
Valeric 211° 604° 220° 14.9 0.008
Predicted hindgut VFA production (mmol/kg DM intake) (in vivo-in vitro technique)?
Acetic 346° 759 416° 18.0 0.041
Butyric 290 1420 61° 16.1 0.025
Propionic 135¢ 3322 211° 12.8 <0.001
Valeric 30° 107# 350 3.0 0.038
Predicted VFA absorbed from the hindgut (mmol/kg DM intake) (in vivo—in vitro technique)*
Acetic 340° 7512 414° 14.7 0.004
Butyric 27¢ 140° 60° 42 <0.001
Propionic 135¢ 3300 199° 11.6 0.028
Valeric 290 105° 320 2.9 0.013
Predicted apparent VFA absorption in the hindgut (%) (in vivo-in vitro technique)®
Acetic 97.7° 98.4% 96.9¢ 0.23 <0.001
Butyric 89.8¢ 97.1* 92.9° 0.94 0.012
Propionic 96.5° 98.22 96.7° 0.22 <0.001
Valeric 98.42 98.82 96.6° 0.45 0.003

abeMean values within a row with unlike superscripts differ (P < 0.05). Mean values with their pooled standard errors (n = 8 per treatment).

'FM = flaxseed meal-containing diet; OH = oat hulls-containing diet. The predicted production and absorption of VFA were determined accord-

ing to Montoya et al. (2016).

>The hindgut production of VFA in pigs was determined after in vitro fermentation of freeze-dried ileal digesta with fecal inoculum for 36 h at

37°C.

’The predicted hindgut production of VFA in pigs was estimated based on the VFA produced after in vitro incubation of ileal digesta with a fecal

inoculum corrected for the ileal flow of DM.

“The quantity of VFA absorbed in the hindgut was obtained after adding the VFA entering (ileal concentrations) and produced (estimated based
on in vitro incubation of ileal digesta) in the hindgut, and then subtracting the excreted VFA (fecal concentrations).

’The apparent absorption in the pig hindgut was calculated based on the ratio between the predicted amount of VFA absorbed from the hindgut
and the sum of the VFA entering (ileal concentrations) and produced (predicted based on an in vitro assay) in the hindgut.

The predicted apparent absorption of acetic
acid in the hindgut was highest (P < 0.05) in pigs fed
the FM diet, followed by the control diet-fed pigs
and lowest in those fed the OH diet. The predicted
apparent absorption of butyric acid in the hindgut
was lowest (P < 0.05) in pigs fed the control diet, fol-
lowed by the OH diet-fed pigs and highest in those
fed the FM diet. The predicted apparent absorption
of propionic acid in the hindgut of pigs fed the FM
diet were higher (P < 0.05) compared with those that
consumed the control and OH diets. The predicted
apparent absorption of valeric acid in the hindgut of
pigs fed the OH diet was lower (P < 0.05) compared
with those that were offered the control and FM diets.

Digestibility and Disappearance of Dry Matter
and Energy

The determined AID of DM was greater
(P <0.05) for pigs fed the FM and OH diets than for
pigs fed the control diet (Table 4). The determined

ATTD of DM (P < 0.05) in pigs fed the OH diet
was lower compared with those fed the control and
FM diets. The predicted ATTD of DM in FM diet-
fed pigs was lower (P < 0.05) than in pigs fed the
control and OH diets. The determined hindgut dis-
appearance of DM was greater (P < 0.05) in pigs
that consumed the FM diet compared with those fed
the OH and control diets, respectively. A tendency
was observed in which the predicted hindgut DM
disappearance in pigs fed diets supplemented with
flaxseed meal and oat hulls was greater (P = 0.06)
than in pigs fed the control diet.

The quantity of digested energy in the stomach
and small intestines was lower (P < 0.05) in pigs fed
the OH or FM diets compared with those fed the
control diet. The quantity of digested energy was
higher (P < 0.05) in pigs fed the FM diet compared
with pigs fed the control and OH diets. The amount
of energy produced from VFA by fermentation
was lower (P < 0.05) in pigs fed the OH and con-
trol diets, respectively, when compared with those
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Table 4. Determined and predicted digestibility of DM, digested, excreted, absorbed, and available energy
in gastrointestinal segments of growing pigs fed the control, flaxseed meal, and oat hulls diets (n = 8)

Diet!

Item Control FM OH SEM P
Determined and predicted DM digestibility?
Determined AID, % (in vivo) 72.42 59.9v 58.0° 3.10 0.008
Determined ATTD, % (in vivo) 90.6* 86.3° 83.2¢ 1.55 0.001
Predicted ATTD, % (in vivo-in vitro) 91.2% 88.6* 80.5° 1.05 0.002
Determined and predicted hindgut DM disappearance
Determined disappearance, % (in vivo) 29.3¢ 39.1# 35.2° 1.12 0.035
Predicted disappearance, % (in vivo—in vitro) 20.18 33,14 28.3* 3.06 0.060
Digested energy, kcal/kg DM feed
Stomach and small intestines 3,178.4* 2,805.7° 2,497.7¢ 60.68 <0.001
Cecum and colon 385.9° 873.2¢ 386.9° 47.73 0.001
Energy produced from VFA 156.3¢ 427.8* 215.9° 8.68 <0.001
In vitro production from ileal digesta contents, kcal/kg DM feed
Fecal excretion 5.45° 7.04 8.32¢ 0.687 0.023
Quantity absorbed 154.9¢ 417.9* 212.2° 7.075 <0.001
Available energy from fermentation, %° 4.5¢ 14.5¢ 7.8° 0.426 0.011
Comparison of determined and predicted DM digestibility and disappearance*
P 0.013 0.082 0.011
SEM 5.67 7.12 5.45

Hindgut disappearance 0.841 0.101 0.213
SEM 7.16 1.73 4.24

ab¢Mean values within a row with unlike superscripts differ (P < 0.05). ~8“Mean values within a row with unlike superscripts tended to differ

(0.05 < P <0.10).

'FM = Flaxseed meal-containing diet; OH = Oat hulls-containing diet.

2AID = Apparent ileal digestibility; ATTD = Apparent total tract digestibility.

3Percentage of total available energy (total available energy is the sum of energy digested at the end of ileum and energy absorbed as VFA).
Energy absorbed as VFA is the difference between energy produced in vitro from VFA and that excreted in the feces (Iyayi and Adeola, 2015).

P ATTD and P Hindgut disappearance
fed the FM diet. Energy excreted in fecal VFA of
pigs fed the OH diets was higher (P < 0.05) than in
control diet-fed pigs and that excreted in that con-
sumed the FM diet was intermediate. The energy
absorbed from hindgut VFA was higher (P < 0.05)
in pigs fed the FM diet compared with other diets.
The contribution of VFA from fermentation to the
total tract digestible energy was greater in FM diet-
fed pigs than other diets.

DISCUSSION

The objective of this study was to use a com-
bined in vivo-in vitro digestion methodology to
predict the quantity VFA production and absorp-
tion in the hindgut of pigs fed corn and soybean
meal-based diets that were supplemented with
either flaxseed meal or oat hulls. The effect of add-
ition of flaxseed meal and oat hulls on the amount
of energy contributed to the total available energy
from VFA produced during hindgut fermentation
was also estimated. In the current study, flaxseed
meal and oat hulls were used as practical sources of

are the P values for comparing the determined and predicted ATTD and Hindgut disappearance of DM, respectively.

soluble and insoluble DF, respectively (Ndou et al.,
2017, 2018a,b).

Different DF sources are fermented at different
rates and the solubility of fiber is important in deter-
mining the quantity of VFA produced or absorbed
in the GIT. The increases observed in the normal-
ized concentrations of ileal or fecal acetic and pro-
pionic acids or that of fecal valeric acid in pigs fed
the FM and OH diets indicate that the addition of
fiber-rich ingredients stimulates gastrointestinal fer-
mentation (Ndou et al., 2017). The greater normal-
ized concentrations of fecal VFA than ileal digesta
concentrations support the notion that microbiota
composition and activities are more pronounced in
the hindgut compared with the upper gastrointesti-
nal segments (Jaworski and Stein, 2017; Ndou et al.,
2018b). Although significant differences between
ileal digesta and fecal normalized VFA concentra-
tions were noticed, it is important to note that these
concentrations reflect a net balance of produc-
tion and absorption (Montoya et al., 2016). Thus,
VFA concentrations are more accurate measures
of unabsorbed VFA than VFA production per se
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and using them to describe VFA absorption can be
misleading (Montoya et al., 2016). Findings from
this study are supported by reports by McNeil et al.
(1978), Cummings and Macfarlane (1991), Topping
and Clifton (2001), and Montoya et al. (2016) that
recommended that gastrointestinal flows and con-
centrations of VFA are not accurate descriptors of
VFA production.

Several studies have suggested the use of a
combined in vivo-in vitro methodology to esti-
mate VFA production and more recently to predict
VFA absorption (Montoya et al., 2016) and energy
contribution from hindgut fermentation (Iyayi and
Adeola, 2015). To the best of our knowledge, this
is the first study to use practical sources of DF
to predict production and absorption of VFA in
pigs fed corn and soybean-based diets. The higher
quantity of acetic, propionic, and butyric acids
produced by in vitro fermentation observed for
the FM and OH diets compared with the con-
trol diet, may be attributed to the presence of fer-
mentable fiber fractions that acted as substrate for
microbial activity. As hypothesized in our previ-
ous study (Ndou et al., 2017), the differences in
the solubility or composition of DF or NSP com-
ponents between flaxseed meal and oat hulls, led
to the production of greater amounts of acetic,
propionic, and butyric acids by in vitro fermenta-
tion in FM diet-fed pigs compared with the OH
diet-fed pigs in the present study. Soluble DF is
fermented faster and more extensively by gastroin-
testinal microbial communities than insoluble DF
(Brebech Mortensen and Nordgaard-Andersen,
1993; Bach Knudsen, 1997; Jha et al., 2011).
Moreover, it is well established that flaxseed meal
supplementation promotes propionic acid produc-
tion (Soder et al., 2012; Lagkouvardos et al., 2015;
Ndou et al., 2017) by altering intestinal bile acids
profiles that shape microbiota compositions. The
cross-feeding theory proposes that microorgan-
isms may produce a molecule such as a vitamin,
VFA, or amino acid that is used by either both
the producing organism and other microbes in the
environment and relaxes the metabolic burden on
any one microbe in the community (Freilich et al.,
2011; Seth and Taga, 2014). Reinforcing this idea
is the observation in our recent study that respec-
tive increases in lactobacilli and streptococci pro-
mote cross-feeding that promotes strong positive
correlations between Veillonellaceae families and
propionic acid production in intestines of pigs fed
flaxseed meal-enriched diets (Ndou et al., 2018b).
In the same study, we also observed that the pres-
ence of Veillonellaceae is also strongly associated

with acetic acid content in the cecum of pigs fed
flaxseed meal-containing diets.

The higher production of valeric acid during
in vitro fermentation observed in the present study
concurs with our findings that flaxseed meal sup-
plementation tended to increase cecal and colonic
valeric concentrations compared with oat hulls
(Ndou et al., 2017). The increase in production of
valeric acid exclusively indicates a great extent of
protein fermentation (Rasmussen et al., 1988; Jha
and Berrocoso, 2015, 2016). Supporting this notion
are the depressed values of protein digestibility in
pigs fed flaxseed meal compared with those fed oat
hulls. It is also well established that mucilaginous
NSP fractions in flaxseed increase digesta viscos-
ity, and consequently impairing nutrient absorption
in the small intestines (Bhatty 1993; Kiarie et al.,
2007). This implies that there is an increase in the
ileal flow of AA in pigs fed the FM diet that are
available for promoting hindgut valeric acid pro-
duction compared with the control and OH diets.

Butyric acid acts as a major oxidative fuel for
colonocytes that supports trans-epithelial absorp-
tion of VFA (Bergman, 1990). As expected, the
higher determined and predicted hindgut butyric
acid production in FM diets than other diets can
be ascribed to the presence of xylose, arabin-
ose, rhamnose, and fucose that act as substrates
for butyric acid-producing bacteria (Ding et al.,
2015). Interestingly, we observed a similar trend in
the quantity of hindgut VFA produced by in vitro
fermentation and predicted hindgut VFA produc-
tion among all diets, except for butyric acid in OH
diets. In this regard, the amount of butyric acid
produced by in vitro fermentation was greater for
the OH diet compared with the control diet, but the
predicted quantity of butyric acid produced in the
hindgut was similar for the 2 diets. This phenome-
non is difficult to explain using variables measured
in the current study. Furthermore, this paradox is
exacerbated by our previous observations reported
in Ndou et al. (2018b) that well-known butyric
acid-producing Firmicutes in the intestines of FM
diet-fed pigs were underpopulated compared with
the control and OH diets-fed pigs. Another rea-
son could be attributed to the limitation of the in
vivo—in vitro methodology that it does not account
for changes that occur in microbiota compositions
and passage rate that are assumed to be equal for
all diets.

Immediately after fermentation, an unknown
portion of VFA is utilized by microbes, another is
absorbed and the remainder is excreted (Bergman,
1990). As illustrated in the schematic diagram (“?”
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in Fig. 2) adopted from Montoya et al. (2016), the
in vivo—in vitro model does not account for VFA
production and absorption in the upper gastroin-
testinal segments. Although the model takes into
consideration the net balance of VFA production
and absorption in the uppergut, it is assumed that
the quantities of VFA produced and absorbed are
relatively low (Montoya et al., 2016). Interestingly,
we observed a similar trend in which case the pre-
dicted amounts of acetic, butyric, and propionic
acids absorbed from the hindgut were respectively
higher for the FM and OH diets, compared with
the control diet. The higher estimates of the quan-
tities of absorbed VFA in pigs fed FM and OH
diets may be attributed to the increase in the VFA
production. Furthermore, the differences in the
predicted quantities of VFA absorbed between FM
and OH diets indicate that these DF sources have
variable effects on the development of the gastro-
intestinal walls and their VFA absorption capacity.
Our data also indicated that the predicted apparent
VFA absorption in the hindgut is also influenced by
the DF source and inclusion level. The predicted
apparent VFA absorption in the present study
ranged between 89.8 and 98.8%. These values con-
cur with the previous reports which indicted that
at least 90 and 95% of the produced VFA are rap-
idly absorbed by colonocytes in pigs and humans,
respectively (Topping and Clifton, 2001; Montoya
etal., 2016).

The observation that supplementation with
flaxseed meal and oat hulls reduced the deter-
mined AID and ATTD of DM was probably due

Upper gut Cecum

to the presence of DF which physically reduced the
enzymatic digestion of nutrients in the upper gut
and microbial degradation of intestinal contents
that escape digestion by endogenous enzymes. It is
also interesting that the determined ATTD of DM
was reduced more in pigs fed oat hulls compared
with those fed flaxseed meal. The differences in the
extent to which the determined ATTD of DM was
depressed between FM and OH diets support the
assertion that variability in the monomeric compo-
sitions of the fiber sources induce variable effects
on GIT development and digestion processes
(Montagne et al., 2003; Ndou et al., 2013a,b).

The increase in DF content resulted in the
reduction in ileal digestible energy in the FM and
OH diets supplemented flaxseed and oat hulls in
the present study. The quantity of ileal digested
energy was, however, reduced more in pigs fed the
OH diet compared with those fed the FM diet indi-
cating that different DF sources influence nutrient
utilization depending on their physicochemical
properties (Ndou et al. 2013a,b; Ndou et al., 2015).
Conversely, the increased digested energy in the
cecum and colon of pigs fed the FM diet may have
been due to an increase in the flow of soluble DF
and other dietary components as a consequent of
increased digesta viscosity. Furthermore, the sim-
ilarities in the digested energy in the cecum and
colon between pigs fed the control diet and the OH
diet was, however, unexpected because oat hulls
increased DF flow in the hindgut. The observation
that addition of flaxseed meal increased hindgut
energy production concurs with results of Iyayi

Colon Feces

Terminal ileal concentration (in vivo)

Hindgut production (in vitro)

-

Fecal concentration (in vivo)

?

?-io

VFAHindgut VFAHindgut
1 3
|

Figure 2. Principle of the in vivo—in vitro methodology to determine production and absorption of VFA in the cecum and colon. The “?” rep-
resents the VFA absorbed in the foregut, which were not measured in the current study (modifications of schematic diagram reported by Montoya

etal. (2016).
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and Adeola (2015) and Agyekum et al. (2016), and
confirms that VFA produced from hindgut fer-
mentation contribute to metabolizable energy. The
differences in the quantity of energy digested and
hindgut VFA production between FM and OH
diets-fed pigs confirm the postulation by Ndou
et al. (2013b) that fibrous ingredients behave differ-
ently in different segments of the GIT depending
on their bulking properties.

The OH and FM were formulated to contain
equal but approximately twice the amount of fiber
(NDF) content in the control diet (Ndou et al. 2017).
Despite the similarities in the NDF composition in
pigs fed the FM and OH diets, the differences in
the solubility of these fibrous feedstuffs and their
constituent DF fractions are responsible for varia-
tion in the percentage energy contributions of VFA
produced from hindgut fermentation (Christensen
et al., 1999; Jaworski and Stein, 2017). It is also
intriguing to note that although the DF content
of high-fiber diets in the current study was greater
than 11.0% (TDF) in Christensen et al. (1999) and
similar to 24% (TDF) in Anguita et al. (2006) and
14.7% (NDF) in Iyayi and Adeola (2015), but the
percentage contributions of energy from hindgut
VFA fermentation in the current study were lower
than in these studies. The lower values reported in
the present study than those of the above authors
can be ascribed to the differences in the monomeric
compositions and physicochemical properties
(water holding capacity, swelling capacity, and vis-
cosity) of the DF that influence fermentability (Jha
et al., 2011; Ndou et al., 2013a,b; Capuano, 2017).
However, the observation that consumption of the
FM and OH diets the energy contribution from
VFA produced by hindgut fermentation contrib-
uted approximately 14.5 and 7.8% of total digested
energy falls agree with the proposed range of 2.4
and 29.5% reported by Jensen (2001).

In conclusion, dietary supplementation with
soluble fiber from flaxseed meal reduced ileal
digested energy to a lesser extent than insoluble
fiber from oat hulls. Addition of soluble fiber to pig
diets increased the energy contribution from VFA
produced by hindgut fermentation to the total tract
digestible energy, compared to dietary addition of
insoluble fiber.
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